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LD... the last 10 years reconstruc- 


tive operations for arteriosclerosis obliterans 
have become established procedures in the 
armamentarium of the surgeon.* *-® Earlier 
hopes that the new channels might behave 
as young arteries “starting from scratch” in 
the biologic process, or as inert conduits 
not subject to alteration with the passage of 
time, have unfortunately not been borne 
out. Closures of some of the segments have 
been reported. 

The impact of the closures of these re- 
constructions on the changing indications 
for reconstructive operations in various clin- 
ics has been proportional to the frequency 
of closures experienced by the clinic con- 
cerned. 1% Results seem to have varied. 
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obliterative disease of 


the femoral artery 


Mortality rate differences of between 15 
and 5 per cent with aortoiliac reconstruc- 
tions and between 3 and 1 per cent with 
femoral reconstructions are disturbing to 
those who report the higher mortality rates. 
Although the factors which create these dif- 
ferences have not been defined, they un- 
doubtedly include not only the experience 
of the individuals performing the operation, 
but also the selection of patients. Often 
nothing is said in reports about the indica- 
tions which determined the selection of pa- 
tients for operation. Even more rarely is 
statistical material provided which would 
enable the reader to discover how many pa- 
tients with similar diagnoses were not op- 
erated upon. The latter figure is admittedly 
almost impossible to obtain, because it would 
require the inclusion in the analysis of any 
patient in whom a lower extremity pulse 
was not palpable. The number of such pa- 
tients seems unlimited in a busy clinic. 
When late patency of the reconstructed 








2 Warren, John, Shepherd, and Villavicencio 


segments is considered, variation in results 
is again seen. A difference between 60 per 
cent in one clinic’? and 94 per cent in an- 
other’ in the incidence of late patency of 
aortoiliac reconstructions, and between 30 
per cent*® and 60 per cent’ in femoropop- 
liteal reconstructions, must be explained on 
the basis of factors other than those which 
influenced the mortality rate. Durations of 
follow-up periods are not strictly compa- 
rable. Correspondence with the patient or 
his doctor has been a criterion for the de- 
termination of late patency in some pa- 
tients. It is significant, however, that even 
in reports of the best results there are in- 
dications of a considerable number of late 
difficulties with the reconstructed segment. 
Crawford’ told this Society last year that 
for femoropopliteal arterial reconstructions 
followed for more than 18 months the clo- 
sure rate was between 25 per cent (for knit- 
ted Dacron prostheses) and 40 per cent 
(for other methods). 

Let us turn our attention to a study 
of the possible reasons for late closure. All 
the reported work has been beset by the 
difficulty of procuring pertinent information 
on the subject. Postoperative arteriograms 
show shadows, but we do not know what 
they mean. Histologic material cannot be 
procured in human beings unless the pa- 
tient dies or unless a biopsy is occasioned by 
thrombosis or rupture of the replacement. 
If the biopsy is confined to one point in the 
graft, it may not be representative of the 
factor which caused closure. The gradual 
accumulation of roentgenologic and _his- 
tologic material has, however, slowly given 
us further insight into the reasons for late 
closure, as well as into the reasons for the 
development of lesions in the patient’s own 
arteries. 

In a previous report the factors which in- 
fluenced closure in patients treated between 
1953 and 1956 were examined.'* The roent- 
genologic and pathologic evidence available 
at that time concerning the causes of closure 
suggested that in most instances the lesion 
was in the reconstructed segment itself 
rather than in the adjacent artery. The 
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chief lesion in thromboendarterectomized 
segments was a marked perivascular and 
mural fibrosis which ceased progress in 6 
to 12 months, provided that the segment 
remained patent. The chief lesion in vein 
grafts was a suture line stenosis which also 
was compatible with late patency if the 
segment survived the first 6 months. In ar- 
terial homografts 4 chief pathologic lesions 
were seen, mural thrombosis, rapid degen- 
eration with calcification, slowly progressive 
atheromatosis, and aneurysm. The radio- 
logic appearances in homografts were those 
of aneurysm, localized constriction, and gen- 
eralized constriction and dilatation. The op- 
portunity for histologic examination of spe- 
cific lesions seen on roentgenograms rarely 
presented itself but when it did, it seemed 
evident that the localized constrictions and 
those that occurred early were due to 
mural thrombosis on a degenerating graft. 
Generalized constrictions and dilatations 
that occurred early seemed to be due to 
rapid rejection and degeneration, whereas 
those that occurred late were due to slowly 
progressive atheromatosis. Recently more 
arteriographic and biopsy examinations have 
been made. The present report is of the re- 
sults of these studies. Since the frequency 
of late closure has not differed from the pat- 
terns previously described*® ** further ref- 
erence to it will be omitted. 


MATERIAL 


Of 202 arterial reconstructions for ar- 
teriosclerosis performed during the 7 years 
from 1953 to 1959, 101 were for iliofemoro- 
popliteal obliterations. Methods of recon- 
struction included insertion of arterial ho- 
mografts preserved by quick-freezing and 
sterilized by x-ray, use of venous autografts, 
thromboendarterectomy, and insertion of 
plastic prostheses (braided nylon, Dacron 
stretch, woven Teflon, knitted Dacron, and 
Ivalon sponge). We have performed post- 
operative arteriography in 54 of the in- 
stances. Two or more serial examinations 
made at least 6 months apart (6 months to 
6 years) were possible in 31. Over a similar 
time span we have also observed the ar- 
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Table I. Postreconstruction arteriograms 





Arteriograms | No. 


Single 23 
Serial 31 
Total after reconstruction 54 
Serial arteriograms in non- 
reconstructed limbs 13 


— 


Total 67 








teriographic appearance of 13 femoropop- 
liteal arterial trees in which obstruction was 
present but for which operation was not 
performed. A total of 67 limbs were an- 
alyzed arteriographically (Table I). Many 
other arteriograms on nonreconstructed seg- 
ments were available, but only those which 
were serial examinations were considered. 

During the 7-year period we have also 
been able to procure biopsy material on 37 
reconstructed human arterial segments. 
Whereas the arteriographic material was 
confined to iliofemoropopliteal reconstruc- 
tions, the biopsy material was accumulated 
from the whole group of 202 patients, in- 
volved reconstructions elsewhere than in the 
femoropopliteal segment, and only by acci- 
dent overlapped that obtained arteriograph- 
ically. Of the 37 biopsy specimens, 13 dupli- 
cated the arteriographic material. The 37 
specimens were obtained from 1 venous au- 
tograft, 23 arterial homografts, 6 thrombo- 
endarterectomized segments, and 7 plastic 
prostheses. 


RESULTS 


Biopsy material. The material studied for 
this report differed from that of the pre- 
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vious one’*® only in that the number of bi- 
opsies on arterial homografts was increased 
and that our first late specimens from plas- 
tic prostheses were procured. The informa- 
tion derived from study of the homografts 
strengthened previous observations on the 
existence of the 4 types of lesion seen there- 
in, namely, mural thrombosis, rapid degen- 
eration with calcification, slowing progres- 
sive atheromatosis, and aneurysm. No fur- 
ther analysis of these lesions will be made 
at present. 

The six plastic prostheses biopsied were 
only of the Dacron taffeta? or the Dacron 
stretch’? varieties (Table II). No results 
are available for the crimped materials or the 
Ivalon. With one exception a failure of for- 


Fig. 1. Gross appearance of a femoropopliteal 
Dacron stretch prosthesis removed by biopsy 26 
months after insertion and 12 days after closure. 
The thickened pseudointima has become detached 
from the fabric during manipulation. 


Table II. Fibroplasia of lining layer in 6 patients with Dacron taffeta or Dacron 
stretch arterial replacements 





Patient Type of prosthesis 





Location 


Time span, 
insertion to biopsy 
or to autopsy Gross 


Fibroplasia in lining layer 








Microscopic 





Aortoiliac 
Aortoiliac 


B. Dacron taffeta 
im. Dacron taffeta 
F. Dacron stretch 
Cu. Dacron-Teflon stretch 
Co. Dacron stretch 
R. Dacron stretch 


Aortoiliac 


Femoropopliteal 


Iliopopliteal 
Femoropopliteal 1 mo. 


3 yr. 0 
2 yr. 0 
2 yr. 0* 
9 mo. 

3 mo. 





*Four sections were taken; 1 showed fibroplasia, 3 showed none, 
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Fig. 2. Microscopic appearance of prosthesis in 
Fig. 1. Outer fibrous layer (A) is separated in 
places by blood clot (B) from the fabric (C_) which 
has been lost in cutting. The inner lining of pseu- 
dointima (D) shows no fibroplasia. Two layers 
are seen, one of clot next to the fabric and an- 
other more centrally of compressed clot with 
branching clefts containing cells which may be 
either endothelial cells or blood cells. 
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mation of living pseudointima was observed 
in all 6 of the segments, even as late as 3 
years after insertion (Figs. 1 and 2). The ex- 
ception consisted of formation of a thin 
fibrous lining which occurred in one part of 
a Dacron stretch prosthesis but not in the re- 
mainder of the same tube. This is in con- 
trast to the behavior of the materials used 
in dogs. Biopsy information on knitted and 
woven crimped tubes in human beings has 
not yet been reported in the literature. 

Arteriographic material. 

The reconstructed segment (Fig. 3). By 
classification of the radiologic appearances 
the reconstructed segments can be arranged 
in 4 groups, (1) aneurysm, (2) localized con- 
striction, (3) generalized constriction or 
dilation, and (4) no lesion seen (Table III). 

ANEURYSM IN THE RECONSTRUCTED SEG- 
MENT. Two aneurysms in the suture line 
were noted (Fig. 3, A). In one of them the 
aneurysm was large and double, reopera- 
tion was performed, and a new anastomosis 
made. The other was small and it was not 
treated. It later disappeared without caus- 
ing arterial closure. This type of lesion is 
undoubtedly the usual result of poor su- 
ture technique or of infection. Its occurrence 
presumably precedes most cases of extensive 
hemorrhage which arise from suture line 
rupture. 


Table III. Abnormalities seen in 54 postreconstruction arteriograms 








Abnormality | No. seen | No. sample | Incidence (%) 

Aneurysm (arterial homografts) 

Suture line 2 108 2 

Segment 3 54 6 
Localized constriction 

Venous autograft, suture line 12 20 60 

Venous autograft, segment 1 12 8 

Arterial homograft 7 14 50 

Thromboendarterectomy 4 14 28 

Plastic prosthesis 3 S 60 
Generalized constriction or dilatation 

Venous autograft 0 12 0 

Arterial homograft 5 14 36 

Thromboendarterectomy 8 8 100 

Plastic prosthesis 0 5 0 
No lesion seen 

Venous autograft 2 12 17 

Arterial homograft 2 14 14 

Thromboendarterectomy 0 14 0 

Plastic prosthesis 2 5 40 
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Fig. 3. Lesions seen in reconstructed segments by 
arteriography in femoropopliteal arteriosclerosis 
obliterans. Aneurysms. A, Arterial homograft with 
suture line aneurysm 2 months after operation. A 
second operation was performed. B, Arterial 
homograft with true aneurysm first seen 10 months 
after the operation. Thrombosis occurred 3 years 
postoperatively. Localized constrictions. C, Venous 
autograft with suture line constriction was first 
seen 1 year postoperatively and was unchanged 
4Y years after operation. The popliteal artery 
closure below it occurred between 2 and 4 years 
postoperatively. D, Venous autograft with local- 
ized indentation from external hematoma 1 month 
postoperatively. The autograft closed 4 months 
postoperatively. E, Arterial homograft with lo- 
calized constriction first seen 6 months after the 
operation. The patient died 24 months postop- 
eratively. The graft was opened and autopsy 
showed mild atheromatosis and mural thrombus. 
F, Thromboendarterectomy with localized con- 
striction seen 6 weeks postoperatively, possibly 
caused by narrowing at arteriotomy. G, Plastic 
prosthesis (Dacron stretch) with localized con- 
strictions from overstretching and kinking first 
seen 14% years postoperatively. The prosthesis is 
still patent 2% years after the operation. H, Plas- 
tic prosthesis (Dacron stretch) with localized nar- 
rowing (1) 1 year after operation, (2) 2 years 
after operation. Closure occurred 28 months post- 
operatively, possibly because of kinking and/or 
fracture of mural fibrin layer. Generalized con- 
striction and dilatation. J, Arterial homograft with 
rapid degeneration and calcification. J], Arterio- 
gram taken 1 month postoperatively. 2, Arterio- 
gram taken 6 months postoperatively which shows 
early dilatation and irregularity. 3, Plain film 
taken 6 months postoperatively which shows cal- 


Three aneurysms in the segment were no- 
ted (Fig. 3, B). One eventually ruptured 
and was successfully treated by resection and 
insertion of a new graft. Two others were 
watched for 3 years without resection but 
eventually thrombosis occurred and caused 
loss of the limb. These 3 aneurysms were 
all in arterial homografts. Biopsy was pro- 
cured of 2 of them. A symmetrical thin- 
ning and dilatation was noted without evi 
dence of external hemorrhage or fibrosis. 
The character of the fibrous tissue and hy- 
aline material in the wall of the aneurysm 
was similar to that in normal grafts. There 
was more loss of elastica in the aneurysms 
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cification of segment which closed 9 months after 
operation. K, Arterial homograft with slow de- 
generation 2 years postoperatively. The segment 
closed 3 years postoperatively and biopsy showed 
mild atheromatosis and mural thrombus. L, 
Thromboendarterectomy with early dilatation and 
later constriction seen (1) 2 months and (2) 9 
months postoperatively. It was still patent 4 
years after operation. 


than in the areas of normal caliber. In one 
specimen, which had been in place 3 years, 
arteriosclerosis both of the aneurysm and 
the other parts of the graft was present. In 
the other specimen, which had been in place 
10 months, no abnormality other than the 
aneurysm was seen. It is thought that both 
were true aneurysms which had resulted 
from a weakening of the wall as the homo- 
graft was resorbed and replaced by fibrous 
tissue. 

LOCALIZED CONSTRICTION IN THE RECON- 
STRUCTED SEGMENT. In 12 arteriograms of 
vein grafts inserted by the end-to-end tech- 
nique, 20 suture lines were available for ex- 





amination. Twelve, or 60 per cent, of these 
showed suture line constriction involving a 
total of 10 grafts (Fig. 3, C). Four of the 
10, or 40 per cent, have remained open; 
the other 6 have closed. Of the 4 that have 
remained open, 3 have developed closure of 
the main artery above or below the graft, 
which maintained patency. The resistance 
of these reconstructions to closure once suture 
line healing has become complete is thus 
demonstrated. A wide anastomosis, how- 
ever, is desirable in vein grafting in order 
to avoid early closure. 

One patient showed vein graft indenta- 
tion immediately after operation, as though 
a blood clot had formed outside the graft 
and caused pressure (Fig. 3, D). Closure 
occurred within a few weeks. This appear- 
ance was not seen in other types of replace- 
ment. 

Of the 12 venous autografts studied, 11 
were saphenous veins and 1 was a super- 
ficial femoral vein. All suture line constric- 
tions occurred in the former. The single in- 
dentation of the segment occurred in the 
latter. 

Localized areas of constriction appeared 
in 7 of 14 arterial homografts examined ar- 
teriographically. These were of varying types, 
some of them irregularities, others indenta- 
tions involving one or both walls. Most of the 
lesions first appeared several months after 
operation (Fig. 3, E). Narrowing occurred 
early, however, in one patient and was 
slowly progressive. In each case the homo- 
graft appeared radiographically normal in 
areas other than the site of the lesion. It is 
presumed that the lesions were the mural 
thrombi which are found so frequently on 
biopsy of homografts. Evidence is strong 
that different parts of a single homograft 
may undergo degenerative reactions at dif- 
ferent rates. 

Arteriograms were made on 14 patients 
soon after thromboendarterectomy, 4 of 
which showed localized narrowing in the 
thromboendarterectomized segment (Fig. 3, 
F). This is thought to be due either to a 
narrowing at one of the arteriotomy closures 
or to a mural thrombus such as was seen 
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in the arterial homografts. In the latter in- 
stance it is logical to suggest that such lo- 
calized constrictions are precursors of the 
generalized ones seen later in such segments. 
Arteriotomy constriction should not be re- 
garded lightly, however, as all who have 
performed femoral thromboendarterectomy 
can testify. 

The plastic prostheses used in the limbs 
in which postoperative arteriography was 
possible were of the Dacron stretch type’ 
in 4 instances and Ivalon sponge (which re- 
placed a short segment of the common 
femoral artery) in 1. 

Three lesions were seen in the 5 segments 
studied. Two of them were areas of local 
elongation of the material which caused a 
pleated appearance (Fig. 3, G). Both have 
remained open for over 2 years despite the 
defect, which appeared within a few weeks 
of the operation. The defect is thought not 
to be due to the technical error of failing 
to arrange for proper tension of the prosthe- 
sis prior to anastomosis, but possibly to a 
lack of homogeneity of the weave in the 
fabric. It probably occurs only in the Dacron 
stretch type of prosthesis. 

The third lesion was a progressive nar- 
rowing in a segment above the knee joint 
and was presumably responsible for the 
closure which occurred 2 years after in- 
sertion (Fig. 3, H and J). That it was due 
to repetitive kinking as a result of knee flex- 
ion is suggested by its location and the pa- 
tient’s statement that closure occurred after 
a prolonged period of flexion of the knee. 
The loss of flexibility of flexible plastic pros- 
theses which have become encased in fibrous 
tissue is understandable. The dislodgment 
or buckling of a thickened fibrous lining un- 
der these circumstances seems a likely haz- 
ard (Fig. 1). 

GENERALIZED CONSTRICTION OR DILATATION 
IN THE RECONSTRUCTED SEGMENT. These 
two phenomena are considered together 
since they seem to represent the same proc- 
ess, especially in arterial homografts. 

Generalized constriction or dilatation was 
not seen in any of the 12 venous autografts 
examined, even though 4 of them were fol- 
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lowed for more than 6 months, and 3 of 
those 4 were followed for more than 4 years. 

Of the 14 arterial homografts visualized, 
5 showed generalized abnormalities in ad- 
dition to the 7 with localized lesions. 

Two of the 5, already reported else- 
where,'* showed early degeneration of the 
wall of the graft as evidenced by dilatation, 
elongation, kinking, and calcification (Fig. 
3, J). Both closed within a year and biopsy 
showed severe degeneration with loss of all 
normal elements of the arterial wall and 
calcification reminiscent of heterograft re- 
jection. 

All of the 3 remaining homografts with 
generalized abnormalities showed constrict- 
ing irregularities which alternated with 
dilatation (Fig. 3, K). In one of them 
constriction predominated; in the other 2, 
dilatation. Most of these abnormalities are 
believed to be due to slow degeneration in- 
distinguishable on biopsy from arteriosclerosis. 

Of the 14 thromboendarterectomized seg- 
ments on which postoperative arteriography 
was performed, serial arteriograms were 
procured in 8. All but one of the eight were 
first examined less than 3 months after op- 
eration. Of the 7 segments there was mod- 
erate to marked dilatation in comparison 
to the caliber of the parent run-in and run- 
off arteries in 6. The 4 localized lesions al- 
ready mentioned were superimposed on the 
dilatation. The one patient in whom gen- 
eral dilatation was not seen was a man in 
whom the endarterectomy had been local- 
ized to one area of plaque formation in the 
artery. The remainder of the procedure had 
consisted of the removal of a long propa- 
gating thrombosis without intimectomy. 

Generalized irregularity and constriction 
later developed in all the 8 limbs in which 
serial arteriography was performed (Fig. 3, 
L). In 7 of them this was superimposed 
upon, and interspersed with, the dilatation. 
In one the constriction was smooth and gen- 
eralized. In all instances the process of pro- 
gression either stopped or slowed markedly 
after the first year. Biopsies showed marked 
fibrosis, both central and peripheral to the 
remaining wall of the thromboendarterec- 
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tomized segment. One can imagine this as 
the normal sequence of scar formation in 
any wound. The cessation of progression as 
seen by arteriography is consonant with the 
better late results obtained with thrombo- 
endarterectomy than with homografts for 
femoropopliteal blocks. 

In none of the 5 plastic prostheses (4 
Dacron stretch and 1 Ivalon sponge) which 
have thus far been studied was generalized 
constriction or dilatation observed. 

NO LESIONS SEEN. No lesions were seen 
in only 6 of 31 segments which could be 
analyzed. 

The patient’s artery. Until 3 years ago 
most patients with reconstrucible lesions 
were offered a_ reconstructive operation. 
Since then we have not performed arterial 
reconstructions on patients with only inter- 
mittent claudication, unless it has caused se- 
vere economic disability or unless the pa- 
tient, intelligent enough to understand the 
hazards of late closure, has insisted on re- 
lief. We have thus accumulated a small 
group of patients not operated upon in 
whom the progression of the obliterative 
disease has been examined by arteriography 
performed yearly. In addition, considerable 
information about the patient’s arteries has 
been procured from serial visualization in 
28 limbs in the group with reconstruction 
(Table IV). 

THE PATIENT'S ARTERY IN THE ABSENCE 
OF ARTERIAL RECONSTRUCTION. ‘Table V 
shows that new stenosis or constriction ap- 
peared in only 3 of 13 patients with inter- 
mittent claudication who had follow-up for 
at least 1 year. In 1 patient this consisted 
of the loss of the diseased superficial fem- 
oral arterial segment in Hunter’s canal be- 
tween an adductor canal block below and 


Table IV. Serial arteriographic study of 
patient’s arteries in 42 patients with femoral 
arteriosclerosis obliterans 








No. 
Limbs without arterial reconstructions 13 
Limbs with arterial reconstructions 29 
Total 42 
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Fig. 4. Lesions seen in patient’s arteries by ar- 
teriography in femoropopliteal arteriosclerosis 
obliterans. In the absence of arterial reconstruc- 
tion. A, Superficial femoral artery with further 
closure above a block. J, Badly diseased super- 
ficial femoral artery. 2, Closure 2 years later with 
no further symptoms. B, Popliteal artery with 
emergence of irregularity above a block. 1, Total 
blockage of lower popliteal artery with collateral 
circulation. 2, Appearance of roughening of wall 
2 years later, with no further symptoms. Jn the 
presence of arterial reconstruction. C, Popliteal 
artery below the lower anastomosis with emergence 
of a stenosis of posterior tibial artery. 1, Two years 
postoperatively. Popliteal artery and its branches 
below an arterial homograft. 2, Two and one-half 
years after operation. Stricture of posterior tibial 
artery is possibly due to embolism from the graft. 
The graft was still patent 3 years after operation. 
D, Popliteal artery above lower anastomosis with 
closure of the segment. 1, Two years postoper- 
atively. Popliteal artery is shown above and be- 
low the lower anastomosis of an arterial homo- 
graft. 2, The segment 2% years after operation. 
There is loss of the segment above the lower 
anastomosis and the graft closed 3 years post- 
operatively. An amputation above the knee was 
performed. E, Deep femoral artery with emergence 
of an occlusion. 7, Two and one-half years after 
thromboendarterectomy of superficial femoral ar- 
tery. Intact deep femoral segment is shown. 2, 
Three years after operation. Occlusion of a seg- 
ment of the deep femoral artery is shown. F, Col- 
lateral branches after arterial reconstruction. There 
is shrinking but failure of disappearance of col- 
laterals and reappearance with recurrence of 
stenosis. 1, Preoperative arteriogram which shows 


the deep femoral artery above which acted 
as the major collateral around the block 
(Fig. 4, A). In another, in which no total 
block but an extremely stenosed adductor 
canal segment had been present, the seg- 
ment was lost. Collaterals already formed 
above this segment rendered the loss asymp- 
tomatic. The third patient showed progres- 
sion of a roughening of the wall of the pop- 
liteal artery which had been present on the 
first arteriogram (Fig. 4, B). This was above 
the patient’s total block, which was in the 
lower popliteal artery. All 3 patients showed 
the new lesion at the 2-year examination 
but not at the 1-year. The mean follow-up 
time of the 3 patients with lesions was 2.1 
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block of femoropopliteal artery in adductor canal. 
2, Three months after thromboendarterectomy. 


“3 
Shrinking of collaterals is seen. 3, Three years 
postoperatively. Re-enlargement of collaterals is 
seen as stenosis recurs. 


years, as opposed to 1.7 years for the total 
13. The emergence of a new lesion in the 
popliteal artery below a femoral artery 
block has not yet been documented by 
x-ray studies in a patient without an arterial 
reconstruction. 

THE PATIENT'S ARTERY IN THE PRESENCE 
OF AN ARTERIAL RECONSTRUCTION. Ten new 
lesions of the patient’s artery, or the progres- 
sion of old ones, were seen in 9 (or 31 per 
cent) of 29 limbs examined (Table VI). 
By the nature of the study the follow-up 
period for this group with arterial recon- 
struction was longer (mean 2.5 years) than 
for the group without arterial reconstruc- 
tion (1.7 years). The sites of lesion were 
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Table V. Serial arteriographic study of 
patient’s arteries in patients with femoral 
arteriosclerosis obliterans* 





No. 


New stenosis or occlusion 3 
No new stenosis or occlusion 10 





Total 13 


*Thirteen limbs without arterial reconstruction, span 1 to 
3.2 years, mean 1.7 years; median 1.5 years. 





Table VI. Serial arteriographic study of 
patient’s arteries in patients with femoral 
arteriosclerosis obliterans* 





No. 


Limbs with new stenosis or occlusion 9+ 
Limbs with no new stenosis or occlusion 20 


Total 29 


*Twenty-nine limbs with arterial reconstruction, span 1 
to 5.5 years, mean and median 2.5 years. 








+Two lesions were seen in 1 of these 9 limbs. 


Table VII. Serial arteriographic study of 
patient’s arteries in patients with femoral 
arteriosclerosis obliterans* 





Sites of 10 new stenoses or occlusions 
in 9 limbs No. 








Popliteal or branches below lower anastomosis 7 
Popliteal above lower anastomosis 2 
Femoral below upper anastomosis 0 
Deep femoral, segmental 1 

10 


Total 


*Twenty-nine limbs with arterial reconstruction. 





classified as (1) popliteal artery or its 
branches below the lower anastomosis, (2) 
the popliteal artery above the lower anas- 
tomosis, (3) the femoral artery below the 
upper anastomosis, and (4) arteries unre- 
lated to the reconstruction. Table VII shows 
that only 1 of 10 new stenoses or occlusions 
observed could be considered to be in 
branches unrelated to the operation. The 
predilection of the popliteal artery and its 
branches for the development of new lesions 
seen in 7 of the patients (Fig. 4, C) makes 
the possibility of embolism from lesions in 
the reconstructed segment one to be seri- 
ously considered. The proof of such embo- 
lism is difficult. Another possible explana- 
tion is that the higher pressure and flow in 
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the popliteal artery after a reconstruction 
render it more liable to arterial degeneration 
than an artery not subjected to the full ar- 
terial pressure. 

The closure of the popliteal artery above 
the lower anastomosis of a bypass, which oc- 
curred in 2 instances (Fig. 4, D), is un- 
doubtedly a more serious matter than closure 
of the femoral artery below the upper anas- 
tomosis. The former artery is invariably of 
great importance in the carrying of col- 
laterals, whereas the latter may not be, be- 
cause of the role of the deep femoral ar- 
tery in the performance of this function. No 
instances of closure of the femoral artery be- 
low the upper anastomosis were seen in the 
group with reconstruction. It was note- 
worthy that in 5 patients in whom a bypass 
was performed and in whom the superficial 
femoral artery was open in Hunter’s canal, 
the superficial femoral artery remained open 
postoperatively and throughout subsequent 
examinations, persisting even after closure 
of the bypass in the 2 cases in which this 
could be determined. 

The one segmental lesion seen in an ar- 
tery unrelated to the reconstruction (the 
deep femoral, Fig. 4, E) was asymptomatic. 
It would undoubtedly be of importance, 
however, in case the reconstructed segment 
closed. Although arteriosclerosis of the deep 
femoral artery is far less common than that 
of the superficial femoral, it does occur. 

COLLATERAL BRANCHES. The appearance 
of the collateral branches after arterial re- 
construction was characteristic. Unless there 
was closure of the segment into which or 
from which they drained, they persisted 
and could be seen by arteriography. Their 
caliber decreased to a fraction of its pre- 
vious size. This was true whether the opera- 
tion had been a bypass graft or a thrombo- 
endarterectomy. The latter procedure, in 
our experience, causes neither closure of 
previously open branches nor the opening 
of previously closed ones. It thus behaves 
like a bypass graft. If a progressively ste- 
notic lesion was observed, such as occurs 
after thromboendarterectomy, the collaterals 
gradually reappeared (Fig. 4, F). 
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Table VIII. Comparison of the prereconstruction and the postclosure states of the 
circulation in thromboendarterectomy of the femoropopliteal segment and in 


reconstructions by other methods* 
































Closure in less than Closure at 1 year or 
1 year later | Tota! 
Circulation Circulation Circulation| 
No. worse % No. worse % | No. worse | % 
Thromboendarterectomies 6 2 33 4 0 0 10 2 20 
Other reconstructions 34 10 29 13 +t 31 47 14 30 
Total 40 12 33 i? + 24 57 16 27 








*Fifty-seven patients in whom reconstructions were initially successful but later closed. 


It is a matter of interest to examine the 
record of the late closures to determine 
whether they did the limb less harm than 
the earlier ones. Table VIII shows that 
thromboendarterectomized segments which 
closed later than 1 year postoperatively 
caused no deterioration of the circulation 
beyond its preoperative status. This is pre- 
sumably because of the significant stenosis 
and the concomitant formation of collaterals 
that can be seen to develop during the first 
year. Many late closures after thrombo- 
endarterectomy have been entirely asymp- 
tomatic. After bypasses, by constrast, the 
worsening of limb condition after late 
closure is little different than that which 
follows early closure. This is logical in view 
of the failure of the degrees of stenosis and 
of collateral formation seen in thrombo- 
endarterectomized segments to emerge be- 
fore closure. Perhaps we should consider 
creating a calculated stenosis when we per- 
form a reconstruction! 

SPASM OF WICKBOoM. In 2 patients of this 
group, and in | other in our experience, an 
extraordinary wavy appearance of the ar- 
terial wall was seen. The contour was regu- 
larly rippled over a considerable distance. 
It has been called “spasm” by Wickbom™ 
and “beaded arterial spasm” by Sutton." 
No satisfactory explanation for it has yet 
been given. In one case (Fig. 5, A) the 
identical appearance of this lesion in the 
same artery in 2 arteriograms taken 1 year 
apart proved spasm or waves in the column 
of contrast medium to be unlikely causes. 





It is hoped that information on this condi- 
tion may be forthcoming from a_ biopsy 
performed at the time of arterial recon- 
struction in some future patient. It may be 
significant that the distribution of Moncke- 
berg’s arteriosclerosis is often of _ this 
“tracheal ring” type. 

SYMMETRY OF BLOCKS IN OPPOSITE LEGS. 
We have been struck by the extraordinary 
symmetry of the distribution of the oblitera- 
tive disease in the arteries of opposite legs 
in some patients (Fig. 5, B). It is difficult 
to escape the conclusion that the occult 
etiologic factors, both systemic and _ local, 
which cause arteriosclerosis work together in 
an orderly, rather than a haphazard fash- 


10n. 


COMMENT 


A classification of lesions seen by radi- 
ology is a classification of shadows. Only 
in isolated instances have we been able to 
procure biopsies of specific shadows. It is 
of interest also that some closures took 
place very late (after the third year), with 
stabilization of the lesion seen by x-ray 
studies having occurred many months pre- 
viously. Some of the thromboendarterec- 
tomized segments reported as “ate” successes 
1% years ago’® have since closed. These 
continuing closures have been noted by oth- 
ers even in vein grafts with wide-mouthed 
anastomoses after follow-up periods of as 
long as 9 years,® and in reconstructions of 
traumatic wounds sustained under war 
conditions.® With the exception of this group 
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of late closures, however, it is reasonable 
to assume that the lesions seen by roent- 
genogram, the histology of which is inferred 
from biopsies of other areas and other seg- 
ments, are responsible for the closures which 
occurred up to approximately the third 
year. 

In the patient’s arteries, the incidence of 
abnormalities which are related to an ar- 
terial reconstruction is higher than the in- 
cidence of those which are not, perhaps 
because of the difference, small but definite, 
between the duration of the follow-up in 
the 2 groups (mean 1.7 and 2.5 years, re- 
spectively). This is particularly cogent, 
since the lesions which were seen in pa- 
tients’ arteries in the absence of reconstruc- 
tion developed in those for which follow- 
up had been the longest (over 2 years). 
Further serial study of nonreconstructed 
patients’ arteries is being continued. If the 
difference is maintained in a longer study, 
embolism from the segment should be se- 
riously considered as playing a prominent 
role in the frequent lesions of the popliteal 
artery and its branches which have been 
recorded here. 

The reported experience is not intended 
to convey pessimism concerning the field 
of arterial reconstruction. It represents a 
view, from one check-point by one observer, 
of the tremendous progress of the 1950's 
which is now continuing into the 1960's, 
much of it contributed by the members of 
this Society. It adds a small contribution to 
the reaffirmation of the known biologic 
fact that autogenous tissue provides more 
durable function than homologous or het- 
erologous. The particular technical problems 
associated with the procurement and inser- 
tion of a functioning vein autograft re- 
quire care in the ligation of the branches in 
order to prevent narrowing by tight ad- 
ventitial bands and care to avoid suture 
line stenosis. The hazard of fibroplasia in 
the traumatized area after closure of a 
thrombendarterectomized segment is further 
documented. Trauma must be painstakingly 
avoided by gentle dissection and the choos- 
ing of an alternate technique when this can- 


Arteriosclerotic disease of femoral artery 11 


nA 


\ 


RIGHT LEG 





LEFT LEG 


1 2 
B 


Fig. 5. Interesting features in arteriography for 
femoropopliteal arteriosclerosis obliterans. A, Ar- 
teriographic “spasm” of Wickbom. Identical ap- 
pearance of the same superficial femoral artery, 
in a patient with a popliteal artery block, is seen 
on films taken 1 year apart. The explanation: is 
unknown. B, Symmetry of disease is shown. There 
is striking symmetrical distribution of blocks in the 
superficial femoral arteries in both legs of a pa- 
tient with bilateral intermittent claudication in 
(1) the right leg and (2) the left leg. 


not be accomplished. Some knowledge of 
the behavior of two types of plastic prosthe- 
ses in human beings has been procured. The 
failure of incorporation of these materials 
between two layers of living tissue has been 
noted. We have not had an opportunity to 
make similar observations on more porous 
crimped varieties in human patients. Re- 
ports on these are awaited with interest. 
At the present stage of continuing de- 
velopment of this field we must each adopt 
our own indications for the performance of 
reconstructive operations for femoral occlu- 
sions. Our present policy is to advise re- 
constructive operation for all patients with 
an adequate artery distal to the block who 
have rest pain or gangrene. Only patients 
who suffer from intermittent claudication 
are advised to postpone operation until the 
day when symptoms may become worse. 
About half of our patients, however, pre- 
sent severe claudication as well as other 
symptoms such as coldness, numbness, and 
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poorly defined discomforts in the leg and 
thus represent an intermediate group in 
which the decision must be an individual 
one. In recommending operation to them 
the surgeon’s own conscience is his guide. 
Outside pressures must not be allowed to 
control the decision as it does in many in- 
stances when the patient, having developed 
the symptom of claudication, has been told 
by someone that something must be done 
or he will lose the leg. One should beware 
of the symptom of progressive inability to 
walk because of fatigue due to osteoarthri- 
tis or because of involutional melancholia 
(both common conditions in the older age 
group) in a patient with absent pulses but 
good collateral circulation. Pain and fatigue 
on climbing stairs distinguishes these pa- 
tients from those disabled by ischemia. Typ- 
ical claudication develops only on walking 
on the level. When struggling with a de- 
cision on this problem it is useful to remind 
ourselves of Dr. John Homans, whose past 
leadership in vascular surgery we are going 
to honor again today. He himself had no 
palpable femoral pulses for the last 20 years 
of his life and died of coronary thrombosis 
at the age of 76. He remained productive to 
the end and was disabled by his arterial de- 
ficiency only to the extent that he had to 
give up grouse hunting in his New Hamp- 
shire woods. 

The publishing of experiences with new 
methods of arterial reconstruction as they 
appear necessitates a standard method of 
reporting results. Hippocrates said, “the Art 
is long.” Statistical methods for appraising 
cancer therapy were not standardized until 
the 5-year survival rate was established. It 
is time that the study of this other major 
degenerative disease also becomes standard- 
ized, and that statements such as “a 90 
per cent success rate in cases followed for up 
to 2 years was observed” (when 60 per cent 
of the operations had been performed less 
than 6 months previously), be eliminated 
from reports on results. 

In view of the matters discussed it is 
logical to urge at this time a further major 
effort in the development of improved ar- 
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terial prostheses. As we have observed the 
lesions which develop in the reconstructed 
segments, we have been impressed by the 
fact that the margin between a brilliant 
success and complete relief on the one hand 
and a failure, possibly with worsening of the 
circulation and amputation on the other, is 
a narrow one. The development of an ideal 
prosthesis would allow us to operate with 
safety not only on patients with threatened 
limbs but also on those with claudication 
only, and perhaps even to move into the 
field of prophylactic surgery for lesions 
which have not yet become symptomatic. 
Neither of the last two indications can be 
admitted at the present time. 


SUMMARY 


1. Microscopic examination of 6 Dacron 
stretch and Dacron taffeta plastic prostheses 
which had been placed in human beings 1 
month to 3 years previously showed a lack 
of development of living pseudointima ex- 
cept in one section of one of the specimens. 

2. Fifty-four limbs were studied by single 
(23) or serial (31) arteriograms after ar- 
terial reconstruction by various methods. 
Some abnormality was seen in 77 per cent 
of the segments. 

3. A classification of the radiologic find- 
ings was made (aneurysm, localized con- 
striction, generalized constriction or dilata- 
tion, and no lesion). The frequency of each 
of the lesions in the various types of recon- 
struction was documented. 

4. By inference from histologic material 
procured by biopsy or autopsy from these 
and other patients the probable nature of 
the x-ray shadows was discussed. 

5. An arteriographic study of the pa- 
tients’ own arteries in 29 limbs with, and in 
13. limbs without, arterial reconstruction 
demonstrated characteristic lesions of the 
popliteal artery and its branches which ap- 
peared to develop more commonly in the re- 
constructed limbs than in the others. 

6. From these observations inferences 
were drawn concerning current indications 
for reconstructive operations on the femoro- 
popliteal segment. 
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The stimulus to 


collateral circulation 


he capacity of arterial disease to inter- 
fere with the flow of blood to a limb de- 
pends largely on the efficiency of the col- 
lateral circulation. The growth of the vessels 
which form these compensatory pathways is 
a phenomenon comparable in interest only 
to the hyperplasia which follows injury to 
the liver.** It seems apparent that the growth 
process can be divided into two phases, that 
which occurs in the first minutes after the 
arterial block and permits survival of the 
part, and that which proceeds slowly over 
the ensuing weeks and months and allows the 
function to improve. Although much _ has 
been accomplished in the investigation of the 
first phase, the mechanisms responsible for 
the long-term increase in caliber of the col- 
lateral vessels have not been so extensively 
studied. 

John Hunter in 1785 initiated the experi- 
mental investigation of the collateral circu- 
lation with his observations on the circula- 
tory changes in the growing antler of the 
stag after external carotid artery ligation. He 
showed that after occlusion of the carotid 
artery, antler growth ceased but began again 
after a short interval which coincided with 
the appearance of numerous small vessels 
around the base of the antler. Hunter 
thought that the opening of the collateral 
circulation was not a purely mechanical or 
hydraulic process, but one which depended 
upon certain sensitive properties possessed 
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by arteries.’ Little further work of signifi- 
cance was carried out concerning the col- 
lateral circulation until 1865 when Weber?’ 
suggested that closure of part of the circu- 
latory bed raised the pressure in the re- 
mainder sufficiently to cause an increased 
flow in the collateral vessels. In the last 100 
years many investigators have sought to 
identify the stimuli responsible for the 
growth of collateral vessels. Four main the- 
ories have been held, namely, increase in 
the pressure gradient around the block,® **: 
19,20 increase in blood flow around the 
block,” * 1% 19 release of vasoconstrictor tone 
in collateral vessels,’ * 1° 1% 15» 28 and the ac- 
cumulation of metabolites in tissues distal to 
the block.’ 1% It has also been suggested that 
all four factors may act together.® 

The importance of a pressure gradient in 
the opening of collateral channels was shown 
by Holman’ in his studies of the physiology 
of arteriovenous fistula. He suggested that in 
addition to a pressure gradient, transfer of 
end pressure to lateral pressure above an 
arterial block played an important part. 
Winblad and associates, in a report of an 
experimental and clinical study with pres- 
sure measurements, arteriography, pH de- 
terminations, and low-pressure hypoxic per- 
fusion of the femoral artery distal to a block, 
suggested that a pressure gradient played a 
large role in the opening of collateral ves- 
sels in the first few minutes after occlusion. 
Collaterals continue to grow, however, over 
a much longer period, as Longland'* dem- 
onstrated in rabbits. He showed that within 
minutes after occlusion numerous fine chan- 
nels appear which become larger, more tor- 
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tuous and fewer for approximately 3 months 
with only a slow change after that time. 
It seemed to us, therefore, that the main 
problem to be attacked was the question of 
whether or not the stimulus present im- 
mediately after occlusion was continued un- 
til collateral vessels were fully developed. 

This report concerns observations on the 
effect of pressure gradient, abolition of 
the pressure gradient, anoxia, amputa- 
tion, and immobilization on the collateral 
circulation around a block in the canine 
femoral artery, in the period immediately 
after occlusion and at intervals of up to 4 
months afterward. 


MATERIALS AND METHODS 


Eighty-four experiments were carried out 
on 49 dogs. The dogs were of both sexes 
and weighed between 10 and 22 kilograms. 
They were anesthetized with pentobarbital 
(Nembutal) in doses of about 30 mg. per 
kilogram administered intravenously. 

The development of the collateral circu- 
lation after occlusion of the superficial fem- 
oral artery was measured by pressure re- 
cordings, arteriography, and venous occlu- 
sion plethysmography. ‘The vessel was 
occluded between ligatures for approxi- 
mately 1 cm. in each limb. 

Pressure recordings were made with poly- 
ethylene intra-arterial cannulas of 1 mm. in- 
ternal diameter in the common femoral and 
the anterior tibial or lower superficial fem- 
oral arteries before and after occlusion of 
the superficial femoral artery at the level of 
the inguinal ligament. In the earliest ex- 
periments a direct recording mercury ma- 
nometer and kymograph were used but in 
the majority of dogs pressures were recorded 
with strain gauge transducers and the San- 
born multichannel recorder. 

Arteriograms were made by means of 20 
ml. of 50 per cent Hypaque introduced 
either directly into the aorta which had 
been exposed by an abdominal incision or 
via a polyethylene cannula of 2 mm. in- 
ternal diameter in the opposite femoral ar- 
tery. The injection was timed to be com- 
pleted in 3 seconds. 


Stimulus to collateral circulation 15 


Table I. Comparison of flows measured in 
the hind limb of the dog by venous occlusion 
plethysmography and direct collection from 
the femoral vein 

















Plethys- Direct 
mography | collection 
Limb (ml./100 | (ml./100 
No. Flow ml./min.) | ml./min.) 
1 Resting flow 21 19 
Reactive hyperemia 
flow 30.6 36 
2 Resting flow 11 17 
Reactive hyperemia 
flow 30 32 
3 Resting flow 11.4 15 
Reactive hyperemia 
flow 21 26 
4 Resting flow 8 10 
Reactive hyperemia 
flow 13.3 16 





Blood flow studies were performed with a 
technique of venous occlusion plethysmog- 
raphy of the hind limb carried out by means 
of a water-filled plethysmograph specially 
made for the purpose, transducers, and San- 
born recorder.® In order to establish the de- 
gree of accuracy of the method selected, flow 
measurements by plethysmography were 
compared with direct collections from the 
femoral vein. Table I shows that the com- 
parison was favorable. Resting flows were 
measured before, immediately after, and at 
intervals of up to 4 months after femoral 
occlusion. Flows were also measured after 
release of a 3-minute complete circulatory 
arrest in the limb, hereafter referred to as 
the reactive hyperemia flow. These flows 
were measured at the same intervals of the 
time after femoral ligation as were the rest- 
ing flows. 

The effect upon collateral vessels of per- 
fusion of the artery distal to the block with 
normotensive oxygenated blood carried by 
a shunt from the dog’s opposite normal fem- 
oral artery was studied. Hypoxic normoten- 
sive and hypotensive blood were also infused 
into limbs distal to the block by the use of 
a Sigmamotor pump with an infusion time 
of 25 minutes. These studies were made both 
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within a few minutes and at intervals of up 
to 2 weeks after the occlusion. 

The effect of amputation at the level of 
the knee on collateral vessel enlargement 
was studied by pressure recordings and ar- 
teriography during both the early and late 
phases after femoral occlusion following am- 
putation. The effect of amputation on col- 
lateral vessels established 3 weeks after fem- 
oral artery ligation was also studied. 

The effect of immobilization of the limb 
on the opening of collateral channels was 
examined. One leg was placed in a complete 
plaster of Paris cast immediately after bi- 
lateral femoral artery ligation for periods 
varying between 3 weeks and 2 months. At 
various intervals pressures above and below 
the block and blood flows were measured 
and arteriography carried out on both limbs 
simultaneously. 

In order to study muscle activity as a 
means whereby the rate of opening of col- 
lateral vessels might be increased, the effect 
of muscle contractions in the lightly anes- 
thetized dog upon anterior tibial blood pres- 
sure below a block was investigated. In each 
animal observations were made in the nor- 
mal limb and in the limb below an occluded 
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femoral artery. Muscle activity was pro- 
vided by stimulation of the sciatic nerve 
with a 2 v. nerve stimulator which deliv- 
ered an impulse 90 times a minute. 


RESULTS 


Pressure, number of collateral vessels, and 

flow after occlusion. 

Pressure changes. Immediately after oc- 
clusion of the superficial femoral artery 
there was a profound fall in blood pressure 
measured in the anterior tibial artery from 
a mean varying between 100 and 150 mm. 
Hg to a nonpulsatile pressure of between 
20 and 60 mm. Hg (Fig. 1). Within 3 
seconds the pressure began to rise and faint 
pulsations were observed in between 6 and 
30 seconds. In about 3 minutes the mean 
pressure reached a level between one third 
and one half of its preocclusion value. 
Thereafter the rise was much slower and at 
the end of a period of between 3 and 5 
hours it had reached a mean pressure just 
below the preocclusion diastolic pressure 
with a pulse pressure varying between 5 
and 10 mm. Hg. The rate of increase of 
pressure below the block varied from dog to 
dog and was also influenced by the site of 
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Fig. 2. Arteriography of the hind limb of the dog was performed at intervals of up to 3 hours 
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after femoral artery ligation. A, Arteriograms were taken at 1 hour, B, 2 hours, and C, 3 


hours after occlusion. 





occlusion of the artery. Follow-up was con- 
tinued for up to 4 months after ligation, 
and in no animal was the preocclusion pres- 
sure or pulse pressure wholly regained. The 
difference between mean anterior tibial pres- 
sure before and after occlusion was never 
less than 10 to 15 mm. Hg in any of the 
dogs. 

Number and size of collateral vessels. 
Serial arteriography was used to correlate 
visualized collateral channels with intra- 
arterial pressure records over the same pe- 
riod. Collateral channels continued to en- 
large rapidly over the initial period of ob- 
servation and more slowly over _ the 
following 3 to 4 months. Arteriography in- 
dicated that the increase in size and num- 
ber could be correlated with the return of 
anterior tibial blood pressure below the 
block (Fig. 2). 

Blood flows. In order to confirm the re- 
lationship between the return of pressure 
below a block and the development of col- 





lateral vessels, venous occlusion plethys- 
mography was carried out on the limb be- 
low the block in 14 animals. In each animal 
normal resting flow and reactive hyperemia 
flow after release of 3 minutes of complete 
circulatory arrest to the limb were deter- 
mined and related to leg volume. The rest- 
ing flows varied from 3 ml./100 ml. of tissue 
per minute to 22 ml./100 ml. per minute 
and the reactive hyperemia flows were ap- 
proximately twice the resting flow. After 
femoral occlusion blood flow in the limb 
fell toward zero, but within 5 minutes re- 
turned as a discernible resting flow which 
after 30 minutes reached a level between 
one fourth and one third of the preocclu- 
sion resting flow (Fig. 3). Thereafter recov- 
ery proceeded at rates which varied from 
dog to dog, but resting flow was fully re- 
stored by between 3 and 9 days after oc- 
clusion. Fig. 4 shows mean values of resting 
flows and reactive hyperemia flows in 6 
dogs for 35 days after femoral occlusion. 
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Fig. 3. Blood pressure and venous occlusion plethysmography tracings which show 
pressures and resting blood flows in the hind limb of the anesthetized dog before, 
and at intervals of up to 153 minutes after, high femoral artery ligation. 
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Fig. 4. Pattern of return of mean blood flows to the hind leg of 6 dogs below a femoral ar- 
tery block measured by venous occlusion plethysmography. 
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Fig. 5. Anterior tibial artery pressure records and blood flows measured by 
venous occlusion plethysmography 17 weeks after ligation of the femoral 


artery. 


A return of reactive hyperemia flows to 
normal has not been demonstrated up to 4 
months after femoral occlusion. The max- 
imum increase obtained was approximately 
114 times the resting flow, and this increase 
was somewhat delayed compared to that of 
the normal limb (Fig. 5). 

These findings confirm the observation 
that however efficient a collateral circula- 
tion may be in maintaining viability of the 
limb, its ability to provide increase of flow 
above this level is not as great as that of 
the intact vessel. They were of use to us in 
establishing the base line normal measure- 
ments of collateral circulation essential for 
the subsequent studies. 

The effect of abolition of pressure gra- 
dient. Restoration of the blood flow by re- 
moval of the occlusion soon after it had 
been established was observed to lead to a 
very rapid regression of collateral vessels. 
Ninety minutes after occlusion, restoration 
of the main vessel flow for 15 minutes suf- 


ficed to make collateral channels nearly in- 
visible on angiography. 

The influence of pressure gradient on col- 
lateral enlargement was then studied by 
abolition of this gradient in the presence of 
a persistent femoral artery block in 13 ex- 
periments. In 3 experiments a shunt was 
placed from the opposite femoral artery to 
the femoral artery below the block and the 
limb perfused with normotensive oxygenated 
blood for intervals of between 30 and 40 
minutes. Arteriograms were performed im- 
mediately before the shunt was opened and 
5 minutes after its closure. The collateral 
vessels could be demonstrated to wax and 
wane according to the pressure below the 
block. 

Normotensive perfusion with hypoxic 
blood of the superficial femoral artery im- 
mediately distal to a block was carried out 
in 5 experiments. Arteriograms taken 5 min- 
utes after perfusion showed that collateral 
channels which opened during the initial 30 
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Fig. 6. Arteriograms which show the effect on 
collateral vessels of normotensive perfusion of the 
hind limb below the ligated femoral artery of the 
dog with hypoxic blood, A, 30 minutes after oc- 
clusion of femoral artery, and B, 5 minutes after 
cessation of a 20-minute perfusion of the limb. 


minutes after occlusion regressed in a man- 
ner indistinguishable from that seen after 
perfusion with oxygenated blood at the 
same pressure (Fig. 6). It was never pos- 
sible to maintain this pump perfusion for 
more than 25 minutes because of the loss 
of blood from the circuit into the animal’s 
general circulation which caused death in 
less than 30 minutes from pulmonary edema 
and cardiac failure. An isolated limb per- 
fusion technique with a tourniquet to pre- 
vent this blood loss would have interfered 
with the study of the collateral vessels. 

In 2 perfusion experiments the limb was 
perfused below an acute femoral block with 
hypotensive hypoxic blood for 25 minutes at 
the pressure recorded in the opposite an- 
terior tibial artery after femoral occlusion 
at the same level. No difference between the 
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two legs could be detected by arteriography 
or by blood flow measurements 10 minutes 
after completion of the perfusion. 

In order to test the effect of the abolition 
of gradient on established collateral vessels, 3 
other limbs were perfused at an interval of 1 
week after occlusion of the superficial fem- 
oral artery, 1 with normotensive oxygenated 
blood and 2 with normotensive hypoxic 
blood. Arteriograms show no change in the 
collateral network after a perfusion of the 
limb for 90 minutes when oxygenated blood 
was used. Similarly, collateral channels pres- 
ent for more than 1 week showed no evi- 
dence of regression when perfusion with 
hypoxic blood was carried out for 20 min- 
utes. 

The effect of amputation and immobiliza- 
tion of the limb. The possibility of tissue 
need acting as a stimulus to collateral de- 
velopment was tested in 8 dogs by elimina- 
tion of the deprived tissues by amputation 
of the hind limb below a femoral block. 
Amputation was performed at the level of 
the knee so that one or more branches of 
the main stem were left below the area of 
arterial occlusion. No difference was de- 
tected in pressure return below the block or 
arteriographic appearances of collateral ves- 
sels in these limbs as compared with non- 
amputated limbs (Table II). Serial arteri- 
ographic studies carried out at intervals of 





Fig. 7. Arteriogram which shows the difference 
in collateral vessel appearances between the ampu- 
tated and the normal hind limb of a dog 10 
weeks after bilateral femoral artery ligation. 
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Table II 
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Before 


Immediate 


Interval after occlusion 
60 min. | 90min. | 120 min. 











30 min. 





Comparison of the mean main stem artery pressures (mm. Hg) below superficial femoral 
artery blocks in the normal and amputated limbs of the same dog 


Dog A Right leg normal 96 
Left leg amputated 100 
Dog B Right leg normal 105 
Left leg amputated 105 
Dog C Right leg amputated 115 


Left leg normal 115 


30 
35 


30 
30 


42 
45 


70 74 78 79 
72 74 77 80 
50 64 78 80 
50 70 76 80 
75 80 82 86 
72 78 82 86 


Recovery of the mean main stem artery pressure (mm. Hg) below superficial femoral artery 
blocks in 24 normal legs and 8 amputated limbs 


113 
112 


Normal legs (24) 
Amputated legs (8) 


35.5 


45 


85 
84 


88 
88 


67 76 
69 81 





up to 12 weeks after occlusion, however, 
showed that as the time interval after oc- 
clusion increased the stump collaterals de- 
veloped much less efficiently than those of 
the intact limb below similar femoral blocks. 
This correlated with a decreased diameter 
of the stump compared with that of the 
normal limb at the same level (Fig. 7). 
Amputation of one leg at knee level was 
carried out in 2 dogs in which collateral 
vessels were present from bilateral femoral 
artery ligations carried out 3 weeks pre- 
viously. In both dogs amputation appeared 
to lead to moderate regression of collateral 
vessels on the amputated side compared to 
that of the normal limb as viewed by ar- 
teriography 3 and 6 weeks later. 
Immobilization of one leg in plaster of 
Paris after bilateral high superficial femoral 
ligations had an effect on collateral circu- 
lation similar to that of amputation. Blood 
flow and pressure studies at intervals of up 
to 35 days after immobilization demon- 
strated a lag in recovery of flow and pres- 
sure below the block in the immobilized 
limb compared with that on the active side 
in 6 dogs. Table III shows that the resting 
flows on the immobilized side were signifi- 
cantly less than those in the active leg for 
up to 30 days after femoral artery occlu- 
sion. Arteriographic studies also showed that 
the collateral vessels on the side of the in- 


active limb appeared to be less well devel- 
oped. 

The effect of muscle activity on collateral 
vessels. Having established that pressure 
gradient rather than tissue needs was the 
controlling influence in the opening of col- 
lateral circulation immediately after fem- 
oral artery occlusion, we turned our atten- 
tion to the stimuli responsible for the con- 
tinued development in the presence of a 
small pressure gradient. The deficiency in 
further collateral enlargement around a 
block in an artery above an amputation or 
in the immobilized normal limb despite re- 
covery of the pressure distal to the block 
could not at first be understood. We then 
decided to investigate pressure relationships 
during muscle activity rather than in the 
resting state alone. 

In 6 lightly anesthetized dogs observa- 
tions were made on the effect of muscle 
activity on blood pressure measured in the 
anterior tibial artery of the normal limb, in 


Table III. Resting blood flows in hind limbs 
of a dog after bilateral high femoral artery 
ligation 





Resting flows of right| Resting flows of left 











Days leg (exercised) leg (immobilized) 
7 6.7 ml./100 ml./min. 4 ml./100 ml./min. 
21 13 ml./100 ml./min. 8 ml./100 ml./min. 
30 11 ml./100ml1./min. 12 ml./100 ml./min. 
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Stimulation by 2 volt stimulator. 
Applied 90 times a minute 
animal lightly anaesthetized. 


Fig. 8. The effect of muscle activity upon the anterior tibial artery pressure below a femoral 
artery block in the lightly anesthetized dog. Muscle activity was produced by stimulation 
of the sciatic nerve with a 2 v. nerve stimulator applied 90 times a minute. Period of stimu- 








lation is shown by the solid block. 


the limb shortly after occlusion of the fem- 
oral artery, and at 5 to 7 days afterward. 
There was a fall of pressure by 20 mm. Hg 
beginning shortly after stimulation of the 
sciatic nerve. In the limb 20 minutes after 
femoral ligation the pressure below the 
block was very sensitive to muscle stimula- 
tion, and the fall was abrupt and lasted 
for 2 to 3 minutes after cessation of stimu- 
lation. In normal limbs and those 5 to 7 
days after femoral ligation the fall began 
shortly after stimulation but soon tended 
to return toward normal in spite of con- 
tinued stimulation (Fig. 8). This enhanced 
effect decreased with time after ligation. 

Thus in the intact limb, when muscle ac- 
tivity is being carried out, an intermittent 
increase of pressure gradient around an ar- 
terial block appears to continue in the late 
phase after occlusion. 


COMMENT 


Despite the work of Holman’ and Win- 
blad and associates? which showed the as- 


sociation between pressure gradient and 
opening collateral vessels as viewed by ar- 
teriography, this association is not neces- 
sarily a causal one. The interpretation of ar- 
teriography as a measure of collateral 
development may be difficult. A large num- 
ber of small collateral channels may appear 
to indicate a good compensatory circula- 
tion, but it is less efficient than that pro- 
vided by a smaller number of larger ves- 
sels. 

Proof of a causal relationship between 
pressure gradient and collateral development 
requires that several conditions be fulfilled. 
First, the rate of return of blood flow to 
the limb distal to the block must parallel 
the return of pressure below the block and 
the rate of increase must become slower as 
the pressure approaches preocclusion levels. 
Second, the return of pressure should be ac- 
curately related to the arteriographic ap- 
pearances of the collateral vessels, and 
abolition of the pressure gradient should 
prevent or hinder the opening of collaterals. 
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Third, other factors, such as tissue needs, 
must be shown not to be important. 

The present work has shown that these 
conditions are fulfilled in the canine hind 
limb. The initial stimulus to collateral de- 
velopment seems to be pressure gradient 
alone. We have not been able to show an 
increase of pressure immediately above a 
block as suggested by Holman, but it is 
clear that the pressure gradient may be 
modified by increase or decrease in blood 
pressure above the block in the same way 
as equivalent changes in pressure below the 
block. We have shown that collateral ves- 
sels in the amputated limb behave in the 
same way as those in the normal limb dur- 
ing the hours immediately following acute 
occlusion of the main vessel. 

The pressure gradient becomes very small 
a few hours after a femoral block in the 
canine hind limb and seems but a small 
stimulus to the continued development of 
collateral vessels. In the later stages after 
femoral occlusion collateral vessels on the 
amputated side are smaller than those in 
the intact limb. The collaterals in an im- 
mobilized limb behave in a like manner. 
Blood flows and arteriographic evidence of 
collateral vessels in such a limb show de- 
layed development for a period of from 4 
to 5 weeks as compared to that in the active 
leg. 

These results suggest that the stimulus 
to later collateral growth had some connec- 
tion with muscle bulk or muscle activity. 
Recent studies by Edwards and colleagues* 
have shown that in many normal and 
claudicating limbs exercise leads to a dimi- 
nution, or even a disappearance, of digital 
pulses in the foot. These studies led us to 
consider the possibility that muscle af- 
fected collateral development by inducing a 
fall in pressure below an arterial block when 
in a state of activity, thus increasing the pres- 
sure gradient by decreasing the peripheral 
resistance. In the anesthetized dog we have 
demonstrated that muscle stimulation causes 
a fall in the anterior tibial pressure of both 
the intact limb and the limb after femoral 
artery ligation, but that this fall tends to 
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return to normal in spite of continued stim- 
ulation. 

These findings suggest the sequence of 
events which follows acute occlusion of an 
artery. There is normally very little pres- 
sure gradient in a main limb artery. After 
occlusion of such a vessel there is a sudden 
fall of pressure distal to the block which 
introduces a pressure gradient in the small 
muscle vessels of the midzone. These vessels 
connect the branches of the main stem and 
normally carry little blood. After the pro- 
duction of a gradient there is an increase in 
quantity and rate of flow in these collateral 
vessels which leads to their dilatation and 
then hypertrophy. As the channels dilate the 
pressure gradient is reduced by an increas- 
ing mean pressure below the block which 
continues until a level is reached which is 
approximately that of the previous diastolic 
pressure. This may well be the pressure 
necessary to fully restore the resting flow 
to the limb. 

The pressure studies made during muscle 
activity suggest that further collateral ves- 
sel enlargement depends upon intermittent 
increase of the pressure gradient caused by 
a fall in blood pressure distal to the block. 
This fall may be due to sudden arteriolar 
dilatation in the initial stage of muscle ac- 
tivity, increasing the vascular bed to a de- 
gree beyond the capacity of the existing col- 
lateral vessels to fill. The increased gradi- 
ent causes an increased rate of flow through 
the anastomotic channels which respond by 
further enlargement and the distal blood 
pressure returns to its previous value. It is 
possible that only sudden changes in the 
capacity of the vascular bed are capable of 
influencing the pressure gradient sufficiently 
to effect collateral enlargement. 


SUMMARY 


1. The development of collateral circu- 
lation around a femoral artery block in the 
hind limb of the dog has been examined by 
intraarterial pressure records, arteriography, 
and venous occlusion plethysmography. 

2. The effect on collateral vessels of distal 
perfusion of the limb below the block with 








24 John and Warren 


hypoxic and oxygenated blood at preocclu- 
sion pressures has been studied. 

3. The effect of muscle stimulation. upon 
the arterial pressure in the limb before and 
after femoral ligation has been examined. 

4. After femoral artery occlusion there is 
a rapid fall in pressure, followed by a rapid 
rise with return of some pulsation. The rise 
continues until the preocclusion diastolic 
pressure is reached and requires a period 
varying between a few hours and days. 
Arteriography and blood flow estimations 
of collateral development parallel the return 
of pressure below the block. 

5. Perfusion of the limb with both oxy- 
genated and hypoxic blood at preocclusion 
pressure causes a diminution or disappear- 
ance of collateral channels already present 
in the acute phase. 

6. Amputation of the limb below a block 
does not affect the return of pressure or 
the collateral development in the acute 
phase, but leads to a diminished develop- 
ment in the long-term phase. Immobiliza- 
tion of the limb has a similar effect. 

7. Muscle stimulation of the limb causes 
a fall in pressure below the block with an 
increase in pressure gradient. 

8. The stimulus to the development of 
collateral circulation around a block ap- 
pears to be the pressure gradient between 
the arteries proximal and distal to the block. 
This leads to increased flow and dilatation 
of the vessels. The pressure gradient is small 
in the late phase but is increased in the 
initial phases of muscle activity, resulting in 
intermittent collateral vessel dilatation in 
the months following femoral artery liga- 


tion. 
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he human leg is peculiar in that its 
great dependence upon a single arterial 
trunk, the ileofemoral-popliteal system, 
makes it liable to serious damage if not loss 
of the limb after severance or extensive 
atherosclerotic occlusion of the artery. In 
young individuals with short segmental oc- 
clusions reconstructive arterial operations 
yield good results, but the older individual 
with more extensive occlusive disease is less 
fortunate. Although the older patient may 
have a limited segmental occlusion, the 
lumen of the uninvolved portions of the 
artery may be narrow as a result of the 
thickening of the intima and medial fibrosis 
which is seen in the arteries of aging persons 
even without actual atherosclerosis. The col- 
lateral circulation may be less effective than 
in a young person, for although arterio- 
sclerotic occlusion of collateral vessels is rare, 
their orifice is reduced in size by athero- 
sclerosis of the parent vessel and by exten- 
sion of secondary thrombosis in the main 
artery. These collateral vessels, therefore, 
although possibly escaping true arterio- 
sclerotic occlusion, are nevertheless vulner- 
able to the effects of arteriosclerosis ob- 
literans of the major vessel. What collateral 
circulation is present may well diminish with 
time. Despite the undisputed benefits pro- 
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vided by a reconstructive arterial operation, 
it is unwise to dismiss the contribution of 
the collateral circulation as unimportant. 
While it may not be sufficient to prevent 
claudication, it may well prevent ischemic 
necrosis if it can function again after failure 
of a reconstructive procedure. What can 
nourish the leg if the graft or thrombo- 
endarterectomy fails? Will collateral vessels 
be as abundant after failure of the recon- 
structed segment as before the operation was 
attempted ? 

There appear to be at least two stimuli 
to the development of collateral vessels, an 
increase in the pressure gradient between 
major arteries and smaller communicating 
arteries'® ** 24 and anoxia accompanied by 
accumulation of acid metabolites and a drop 
in pH. After ligation the artery gradually 
becomes occluded* * ** about the point of 
ligature down to the first distal branch. 
Ultimately the lumen is obliterated up to 
the first proximal and down to the first distal 
branch with conversion of the obliterated 
segment into a fibrous cord.’* The pressure 
distal to the site of block falls considerably 
and a high pressure gradient occurs in the 
collateral vessels because they can commu- 
nicate with the major vessel above and 
below the block. Small tributaries beyond 
the first distal branch develop into larger 
channels, some of which may have pulsating 
flow.‘® In simple rigid tubes, flow is ex- 
pressed by Poiseuille’s law: volume flow 
varies with the fourth power of the diameter. 
If the diameter of the tube is halved, the 
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flow through it is thereby reduced approxi- 
mately 16 times.** Inasmuch as resistance to 
flow in a tube varies with the length of the 
tube and inversely with the fourth root of its 
diameter, the longer the collateral channel, 
the more precarious is limb circulation. De 
Takats’ has noted that adequate collateral 
circulation fails to develop in the presence 
of a long stenotic segment. Thus obstruction 
of a major artery which demands long and 
often tortuous collateral channels results in 
serious embarrassment of the distal circula- 
tion. In the dog, ligation of the femoral 
artery is accompanied by transient drop in 
skin temperature which quickly returns to 
normal within a few hours*® and the dog 
suffers no apparent distress with the liga- 
tions. Oxygen tension and pH determination 
of ischemic tissue reveals significant differ- 
ences*’ and exercise tolerance is reduced.” 
When additional major vessels are ligated 
or occluded in a system other than the one 
previously affected, a second set of collateral 
vessels develops which may or may not com- 
municate with the first, depending on 
whether or not potential pathways exist be- 
tween the two systems. 

We wished to examine the collateral cir- 
culation in a leg upon which a reconstruc- 
tive arterial operation had been performed 
because we were not satisfied that some of 
our beliefs relative to the collateral circula- 
tion were valid. For example, it is generally 
believed, and very likely reasonably so, that 
the bypass type of arterial graft is superior 
to end-to-end insertion of a graft after re- 
section of the occluded segment. It is also 
generally believed that leaving the major 
vessel in place and intact by means of a 
bypass graft around its point of obstruction 
permits retention of collateral vessels and 
their reuse should the bypass graft fail. 
Finally, it is stated that failure of a bypass 
graft does not leave the leg with a less ade- 
quate blood supply than would have existed 
had the graft not been put in place, because 
collateral vessels could still be available. 

Creech and his associates,*” corroborating 
the early work of Holman,* ° believe that 
collateral vessels are present continuously, 
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but do not function because of lack of a 
pressure gradient. In the normal dog and in 
the healthy patient these collateral vessels 
may function immediately when a pressure 
gradient is created. In Creech’s experience 
some patients in whom a segmental occlu- 
sion had been relieved by reconstructive 
procedures which subsequently failed have 
developed severe ischemia because their col- 
lateral vessels had regressed during the in- 
terval when blood flow was restored. Jacob- 
son and McAllister*? demonstrated the dis- 
appearance of collateral vessels in the dog 
after restoration of main flow. They raised 
the question of whether or not a bypass 
graft about a long peripheral block with 
diminished inflow and poor outflow may be 
harmful because of its depressant effect on 
collateral vessels. Warren?® has not observed 
the opening of branches of the femoral 
artery in arteriograms after thromboendar- 
terectomy. Furthermore, he questions the 
possibility that some of the collaterals pres- 
ent before operation were either put out of 
action or at least not used after the proce- 
dure. Muller,’ on the other hand, states 
with his associates that in the performance 
of thromboendarterectomy collateral vessels 
are not divided, but rather are often evacu- 
ated of thrombotic material and restored to 
function. When bypass grafts are used, 
however, these collateral vessels, while 
spared, are not opened and do not again 
become functional. Thromboendarterectomy, 
therefore, in their opinion appears to offer 
certain advantages over bypass procedures. 
Janes and his group?® and Linton and 
Menendez?” ** state that arterial circulation 
may be re-established without danger of 
interrupting collateral circulation by means 
of a bypass graft with an end-to-side anas- 
tomosis at each end. Rob and Downs*® ex- 
press the same opinion about aortoiliac 
thromboendarterectomy. Shaw, in a discus- 
sion of Jacobson and McAllister’s report,** 
believed that the development of collateral 
vessels parallels the gradual occlusion of the 
graft and little additional harm results. 
Crawford and De Bakey® in 1955 advised 
that care be taken to preserve all existing 
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collateral vessels in order to prevent further 
loss of circulation in the performance of a 
bypass procedure. In essence this operation 
adds a collateral vessel of approximately the 
size of a normal artery to those already pres- 
ent without disturbing these vital branches.° 


PURPOSE 


The problem was resolved into 3 ques- 
tions. (1) Do the collateral vessels which 
form after ligation of the major artery dis- 
appear when flow is restored through the 
same channel? (2) Does the animal retain 
the capacity to reform collateral vessels, 
second generation collaterals in a sense, when 
the major artery is again occluded or when 
the bypass graft fails? (3) Does the bypass 
graft or thromboendarterectomized segment 
of the parent vessel previously occluded be- 
have as a vessel which has been ligated in 
that it gradually becomes occluded and con- 
verted into a fibrous cord up to its first proxi- 
mal and down to its first distal branches? 
Can collateral vessels within the limits of 
this segment be reformed? 

It was our purpose to (1) produce and 
demonstrate collateral vessels, (2) determine 
if collateral vessels disappear upon restora- 
tion of blood flow to the distal portion of 
the previously occluded vessel, (3) deter- 
mine if collateral vessels will reappear in 
the same arterial system when its continuity 
is again interrupted, and (4) determine the 
fate of a bypass graft, of the bypassed seg- 
ment of the main artery, and the branches 
within that segment. 


METHODS 


Production of collateral vessels. ‘Twelve 
large adult mongrel dogs which weighed 
from 20 to 38 kilograms underwent inter- 
ruption of various parts of the arterial trunk 
to the lower extremity. Pentobarbital anes- 
thesia was supplemented when necessary by 
endotracheal oxygen. The preparations in- 
cluded (1) a single ligature applied to the 
femoral artery 1 to 5 cm. distal to the deep 
femoral trunk, (2) ligation of the last 2 
ipsilateral lumbar arteries, external iliac, 
and femoral arteries, (3) ligation of the 
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ipsilateral parietal hypogastric, pudendo- 
epigastric trunk, deep femoral and super- 
ficial femoral arteries, and (4) excision of a 
6 to 12 cm. segment of femoral artery from 
the opposite leg to serve as a bypass graft. 
Arteriograms were performed by means of 
a catheter inserted in the aorta via the 
brachiocephalic trunk, the carotid artery, 
or the opposite iliac artery 1 to 2 months 
after ligation with 50 per cent diatrizoate 
sodium (Hypaque). The presence of numer- 
ous long, tortuous collateral vessels running 
parallel to the occluded major channel and 
communicating with it above and below the 
point of obstruction was taken as evidence 
of collateral circulation (Fig. 1). No arterial 
pressure studies were made and oxygen de- 
terminations and pH values were not taken. 
No attempt was made to stimulate addi- 
tional collateral vessel formation by exercise 
or other measures because we were inter- 
ested only in qualitative comparisons. Tech- 
nical adequacy of the arteriograms was 
judged by the vascular pattern in the oppo- 
site leg. 

Disappearance of collateral vessels upon 
restoration of blood flow. Several weeks 
after ligation, when a satisfactory pattern 
of collateral vessels had been demonstrated, 
a 6 to 12 cm. segment of the femoral artery 
from the opposite leg which was not oper- 
ated upon was removed, stripped of ad- 
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Fig. 1. Arteriogram which shows the collateral 
vessels found 11 weeks after ligation of the leit 
femoral artery together with pudendoepigastric 
trunk and the last 2 left lumbar arteries. 
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Fig. 2. An end-to-side bypass autograft has been 
put in place around the point of obstruction in 
the left femoral artery. The arteriogram was 
taken 1 hour after completion of anastomosis. 
Tortuous collateral vessels have almost completely 
disappeared. 


ventitia, flushed with saline and heparin, 
and inserted as a fresh bypass autograft in 
the ileofemoral system of the leg in which 
the femoral artery had previously been 
ligated (Fig. 2). Anticoagulants were not 
used except during the operative procedure. 
Arteriograms were repeated from 1 hour to 
6 weeks after completion of the bypass. Eight 
preparations were available for further study. 

Recurrence of collateral vessels after oc- 
clusion of the bypass graft. Eight animals 
in which the interrupted femoral arterial 
flow had been restored by a bypass graft 
underwent ligation of the graft 2 to 12 weeks 
after the graft had been inserted (Fig. 3). 
Nothing was done to these preparations 
other than the placement of a simple liga- 
ture around the midportion of the graft and 
the determination by arteriography of the 
course of arterial flow from 1 hour to 4 
weeks after the graft had been occluded. 

The fate of the bypass channel, the by- 
passed segment of the main artery, and the 
collateral vessels. 

A comparison of flow rate efficiency of by- 
pass versus end-to-end anastomoses. We have 
developed a simple yet reliable method of 
measuring blood flow through various types 
of arterial reconstructions in the dog under 
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the conditions of an acute experiment. A 
detailed description of the technical steps 
and the full experimental data justifying 
our belief in the validity of the method is 
available. * Briefly, the method consists of 
measuring hemorrhage from the cannulated 
femoral vein after tourniquet occlusion of 
all vessels in the leg except the femoral 
artery, the vein, and the bypass graft. The 
superficial femoral artery was occluded by 
a nontraumatizing clamp and a catheter 
was placed in the midportion of the femoral 
vein. The venous reservoir was allowed to 
drain freely until all bleeding ceased, at 
which time the venous catheter was clamped. 
Thirty seconds were allowed to elapse, after 
which clamps occluding both artery and 
vein were simultaneously released and blood 
from the venous catheter was collected by 
gravity drainage into a cylinder designated 
“A” for a period of 15 seconds. At the end 
of this time the artery was clamped .and 
collection from the vein continued for an 
additional 15 seconds. Thirty seconds were 
allowed to elapse before a second bleeding 
was carried out. Twenty bleedings in all 
were performed. Ten dogs were studied to 
establish the validity of the method. The 
experiments were of an acute nature and 
aseptic technique was not observed. The 
animals were heparinized during the course 
of the experiment and anesthetized with 2 
per cent pentobarbital sodium. Blood pres- 
sure and pulse pressure were recorded by 





Fig. 3. The left femoral artery bypass graft was 
ligated and 2 weeks later the arteriogram was 
taken. Collateral vessels have reopened. 
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means of a Sanborn Electromanometer 
Model 121 B and a Sanborn Viso-Cardiette 
Model 51, connected to the bridge of the 
electromanometer. Determinations were 
taken by means of a catheter inserted into 
the opposite external iliac artery. The aver- 
age drop in systolic blood pressure was 27.5 
mm. Hg and the diastolic pressure 8.5 mm. 
Hg. The average drop in pulse pressure was 
20 mm. Hg and variations in heart rate with 
progressive bleeding were not significant. 
The p factor was evaluated as being smaller 
than 0.001 and it appeared justifiable from 
these studies to conclude that for the pur- 
poses of an acute experiment the hind limb 
of the dog could be made to behave as an 
isolated vascular system, dependent for its 
blood flow upon the femoral artery and vein 
with a mean deviation for the 10 experi- 
ments of 0.31 per cent. When a bypass graft 
had been placed around the parent femoral 
artery and flow studies were being made 
between the 2 pathways, bleedings were 
made into 2 graduated cylinders in a care- 
fully worked-out sequence to average out 
between the 2 collections any variations 
that might occur during the course of the 
series of venous bleedings. 

After establishment of the method for 
comparing blood flow through various chan- 
nels, 2 series of animals were prepared. Ten 
animals in each series were finally available 
for study. 

SERIES |. In 10 animals an autogenous 
isodiametric graft was taken from the op- 
posite superficial femoral artery and placed 
about the left superficial femoral artery. 
These bypass grafts varied from 6 to 10 cm. 
and were fresh in each instance. In all ani- 
mals suture lines were inspected at the 
completion of the operation and those with 
defective anastomoses or deviations in the 
size of the vessel were discarded. All oper- 
ations were performed by the same surgeon. 
Flow studies of the bypass graft were com- 
pared to those of the parent femoral artery. 

SERIES 2. An additional group of 10 ani- 
mals was available for study in which flow 
through the bypass graft was compared 
with flow through a partially compromised 
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superficial femoral artery. The left super- 
ficial femoral artery was altered by excision 
of a short segment of its length (1 to 3 cm.) 
and reinsertion of it by means of an end-to- 
end anastomosis. About this anastomosed 
segment, from a point above it to a point 
below it, the femoral artery was bypassed 
by the autograft from the right femoral 
artery and flow studies were made through 
the graft and through the reanastomosed 
femoral artery. Again the length of the by- 
pass varied from 6 to 10 cm. All anastomoses 
were performed with a running suture of 
No. 5-0 arterial silk. End-to-end anastomo- 
ses were performed according to the tech- 
nique of Seidenberg, Hurwitt, and Carton*° 
when used in small arteries. End-to-side 
anastomoses were performed according to 
recommendations of Linton.’* 

The fate of the bypassed segment of the 
main artery and of the bypass graft. An ad- 
ditional series of animals was prepared for 
a longer study with a bypass graft about the 
intact femoral artery and a bypass graft 
about the reanastomosed femoral artery as 
was carried out in Series 1. Aseptic tech- 
nique was utilized, heparin was given only 
during the course of the operative procedure, 
and dogs were sacrificed after from 14 to 
222 days. Arteriograms were then performed 
and specimens were excised for gross and 
microscopic studies. 


RESULTS 


Formation of collateral vessels. In all in- 
stances in which the femoral or ileofemoral 
trunk had been interrupted in the dog, 
arteriography demonstrated a vascular pat- 
tern which could be designated as consistent 
with that of collateral vessels. In many in- 
stances this collateral circulation was not 
as rich as might have been expected if the 
metabolism of the distal tissues had been 
increased by hyperthermia or exercise. In 
comparison with the vascular pattern of the 
opposite leg, however, which had been filled 
simultaneously at arteriography, more than 
the usual number of vessels were seen. When 
more than one system had been interrupted 
in addition to the femoral artery, for ex- 
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Fig. 4. After preliminary ligation of the femoral 
artery, a fresh autograft was put in place and 
2 months later the arteriogram was taken. Abun- 


dant collaterals were present before the graft was 
inserted. 


ample the hypogastric-inferior gluteal sys- 
tem, additional collateral vessels were noted 
to have formed in the second system about 
the point of obstruction. 

Disappearance of collateral vessels upon 
restoration of blood flow in the main channel. 
In all 8 animals in which a satisfactory by- 
pass graft had been placed in the femoral 
artery system in such a way as to circum- 
vent the point of obstruction, collateral 
vessels disappeared (Fig. 4). In one animal 
in which an arteriogram was performed im- 
mediately after completion of the anastomo- 
sis the collateral vessels had disappeared. In 
a second animal in which arteriography was 
carried out but in which the hypogastric- 
inferior gluteal system had also been ob- 
structed, the femoral artery system of col- 
lateral vessels disappeared after insertion of 
the bypass placed about this obstruction but 
little if any effect was noted in the hypo- 
gastric-inferior gluteal system of collaterals. 
In a third animal in which a less-than-ideal 
but nevertheless patent bypass graft had 
been placed in the femoral artery about the 
point of occlusion, with a constriction noted 
at the proximal end of the anastomosis and 
a less-than-optimal amount of blood pre- 
sumably reaching the distal femoral artery, 
some persistence of collateral vessels was 
noted. 
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Recurrence of collateral vessels after oc- 
clusion of the bypass graft. In the 8 animals 
which remained for study after preliminary 
ligation of the femoral artery, insertion of 
a bypass graft, and arteriographic demon- 
stration that collateral vessels had disap- 
peared, the bypass graft was again occluded 
by means of a ligature. In each of these in- 
stances the collateral vessels reappeared and 
seemed to do so promptly upon obstruction 
of the bypass graft (Fig. 5). Whether or not 
these were the same collateral vessels could 
not, of course, be stated with certainty, but 
the observation was made that these vessels 
did function within the same system and 
within relatively the same area of the leg. 

The fate of the bypass channel, the by- 
passed segment of the main artery and the 
collateral vessels. 

Comparison of flow rate efficiency. A com- 
parison of the flow rate efficiency of bypass 
and end-to-end anastomoses was then under- 
taken by means of an animal preparation 
in which the flow rate through the femoral 
artery was measured by bleeding from the 
cannulated femoral vein. The method was 
accepted as valid on the basis of previous 
work. With the flow rate through the intact 
femoral artery considered as 100 per cent, 
a bypass graft was found to deliver approxi- 





Fig. 5. The bypass graft was occluded and 5 
weeks later the arteriogram was taken which 
shows the abundant collateral vessels in the left 
leg. Collateral vessels in the right leg have formed 
about the point of obstruction of the femoral 
artery as a consequence of removal of a segment 
for purposes of the graft. 
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Fig. 6. A 3 cm. segment of the left femoral artery 
was excised and inserted as an end-to-end graft 
with a continuous suture technique back into its 
position in the femoral artery. A bypass graft 
was then excised from the right femoral artery 
at the same time and placed above and below 
the point of insertion of the end-to-end graft in 
the left femoral artery. Seven months later, the 
femoral artery and its graft failed but the bypass 
graft, the more capacious channel, remained 
open. No branches from the occluded segment 
of the femoral artery remain to form collateral 
vessels if the bypass should fail. 


mately 84 per cent of this normal flow. The 
insertion of a short segment femoral artery 
end-to-end graft yielded a flow rate of ap- 
proximately 75 per cent of that of the 
normal intact artery or 10 per cent less than 
that of a bypass graft (Table I and Fig. 6). 

Fate of the bypassed segment and bypass 
graft. In 2 additional series of dogs a bypass 
graft was set up about the intact normal 
artery and about the same type of short 
segment end-to-end graft of the parent 
femoral artery. The animals were carried 
for from 2 weeks to 7 months. In the 10 
animals in which the bypass graft was placed 
about the intact femoral artery, the bypass 
graft or the less capacious channel under- 
went thrombosis. In 3 instances the bypass 


Table I. Comparison of flow rates through 
bypass and end-to-end anastomoses 





Mean flow (%) 





Normal artery 100 
Bypass graft 84 
Short end-to-end graft 75 
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graft was partially closed and in 2 closure 
had not occurred, but on the basis of changes 
would very likely have done so with addi- 
tional time. In the experimental preparation 
in which the lesser flow rate was through 
the reconstructed end-to-end graft of the 
femoral artery, the bypass graft with approx- 
imately 10 per cent greater flow remained 
open. The femoral artery, however, became 
occluded in all 10 animals. Inasmuch as 
thrombosis and fibrosis of the occluded seg- 
ment was complete, any vessels branching 
from this segment of the artery would have 
become occluded and rendered useless to 
collateral circulation (Figs. 7 and 8 


CONCLUSIONS 


1. A bypass autograft was found to func- 
tion approximately 15 per cent less efficiently 
than the normal intact artery in the femoral 
system of the dog, but about 10 per cent 
better than the femoral artery reconstructed 
by means of a short end-to-end autograft. 

2. Of 2 channels open to flow in a major 
arterial trunk, the one which is more Ca- 
pacious remains open; the one which is 
partially occluded or less effective for other 
reasons undergoes complete thrombosis and 
gradual conversion to a fibrous cord. 

3. Collateral vessels about a major arterial 
trunk appear promptly in the normal healthy 
dog when the trunk is ligated, only to dis- 
appear equally promptly upon restoration 
of the main trunk arterial flow. Incomplete 
reconstruction or restitution of arterial flow 
was associated with incomplete disappear- 
ance of collateral vessels. 

4. When the bypass graft which has re- 
lieved the obstruction is occluded, collateral 
vessels reappear promptly and apparently 
in as great numbers as were present before 
the obstruction was relieved. 

5. Because a secondary trunk which has 
been partially occluded and then circum- 
vented by a bypass graft undergoes occlu- 
sion from the point of bifurcation to the 
point of reinsertion of the bypass graft 
within its length, the vessels which remain 
within the segment of the bypassed parent 
artery are lost to collateral circulation inso- 
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Fig. 7. The bypass graft placed around the short segment end-to-end reconstructed femoral 
artery in Fig. 6 was removed at the end of 7 months. The bypass graft has been opened in 
the above photograph and its patent lumen is visible. The parent artery containing the 
end-to-end segment has been split open at each end where it remained patent at the point 
of junction with the bypass graft. The pins point to the line of anastomosis between the 
parent femoral artery, the ends of which are split, and the longitudinally opened bypass graft. 


* 





Fig. 8. The same specimen as in Fig. 7. The thrombosed end-to-end graft in the parent 
artery is visible. The pins denote the suture line of the end-to-end anastomoses. The parent 
artery was occluded not only through the end-to-end anastomosis but above and beyond these 
lines to the point of junction with bypass graft. 
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DISCUSSION 
(Papers by John and Warren; Callow, 
Aboulafia, and Balas) 


Dr. Ferdinand F. McAllister. It gives me ex- 


treme pleasure to discuss these two fine papers 


wh 
stu 


ich dealt with problems which have been under 
dy in our laboratory for a number of years. 
Some of Dr. Callow’s results correspond to 


those which Dr. Julius Jacobson and I obtained 


in 


experiments in which it was shown that the 


re-establishment of arterial flow by grafting in 


the 
of 


lar 
cul 


face of arterial blockage causes a regression 
collateral circulation. 
With regard to the beneficial effects of muscu- 
exercise on the development of collateral cir- 
ation, as reported by Dr. John and his asso- 


ciates, we, too, have observed that exercise must 


be 


cal 


helpful according to our laboratory and clini- 
experience. Dr. Robert Bertsch and I have 


tried to document the observation experimentally 


in 


a different fashion. In a number of dogs the 


abdominal aorta was ligated below the renal 
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arteries. Half of the animals were then exposed 
to daily exercise on a treadmill to the limit of 
claudication while the other group was kept in- 
active in their cages. When all the animals with 
exercise could run 2 miles without claudication, 
then the inactive ones were put on the treadmill. 
In addition to exercise tolerance, femoral vein 
lactic acid levels, femoral arteriovenous oxygen 
differences, and angiograms were recorded. To 
our surprise, all of the inactive animals were im- 
mediately able to run the 2 miles without diffi- 
culty and no appreciable differences were noted 
in the angiograms or the chemical studies. Thus, 
by this technique we were unable to demonstrate 
a beneficial effect of exercise but perhaps this is 
the fault of the method. 

Dr. Julius H. Jacobson, II. I wish to thank 
Dr. Balas and his associates for this fine piece of 
work. Dr. McAllister and I conducted a similar 
study, reported in Surcery, volume 42, 1957, in 
which we reached exactly the same conclusion. 

By means of exercise tolerance studies in dogs, 
with the terminal abdominal aorta ligated, it was 
possible to show that the collateral circulation 
took about 9 weeks, on the average, to develop 
to its maximal extent. After reconstruction of the 
aorta for a period of 3 months the collateral ap- 
peared to have disappeared. When the aorta was 
reconstricted the collateral would develop at about 
twice the rate as it had done after first ligation, 
that is, 4 weeks. 

Thus, in the clinical situation, if thrombosis 
occurs slowly in the graft, no harm is done but 
if thrombosis is rapid, the extremity is lost. 

Dr. Oscar Creech, Jr. Several years ago my 
associates and I demonstrated that the principal 
stimulus to the initiation of collateral blood flow 
was the development of a gradient in pressure 
along the course of an artery. We furthermore 
confirmed the observations of Holman that col- 
lateral blood vessels are arterial in caliber and 
that they represent couplings between the primary, 
secondary, and tertiary branches of the main 
artery. These facts were derived from experiments 
on the dog and also from observation of patients 
with occlusive peripheral vascular disease. 

Recently, a 28-year-old man was admitted to 
our service because of a gunshot wound of the 
thigh, which had been sustained about 1 hour 
previously. There were no pulses distally, and 
while the foot was cool there were no signs of 
severe ischemia. Femoral arteriogram was _per- 
formed and demonstrated remarkable collateral 
flow through arterial branches which simply by- 
passed the segment of arterial interruption, joined 
branches below the level of obstruction, and re- 
entered the main artery. The residents resected 
the traumatized segment of vessel and constructed 
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an end-to-end anastomosis. Arteriogram per- 
formed within about 12 hours after the operation 
revealed almost complete disappearance of these 
previously prominent collateral vessels. This, in 
our opinion, is striking evidence in support of 
the mechanistic concept of collateral circulation. 

Dr. Lewis H. Bosher, Jr. When the stimulus 
for collateral circulation is removed, the collateral 
circulation regresses. We demonstrated this in 
1947 in connection with the profuse collateral 
circulation resulting from arteriovenous fistulas. 

The slide demonstrates the collateral circula- 
tion which results from a femoral arteriovenous 
fistula of 14 weeks’ duration, and shows how 6 
weeks after excision of the fistula the collateral 
circulation had regressed to a level equivalent to 
that developed by simple ligation of the femoral 
artery. 

The regression of the collaterals occurs rapidly 
in a few days or a few weeks. 

Degenerative lesions of a mild degree can be 
demonstrated in the small collateral arteries at 
the time of the fistulectomy and lesions of a 
marked degree are seen in the first few weeks 
after fistulectomy. One sees fragmentation and 
destruction of the internal elastic membrane and 
fibrous proliferation of the intima. 

Because of these organic changes the collateral 
channels may not readily expand should the need 
arise on a second occasion. These findings perhaps 
cannot be applied directly to the case of collateral 
circulation developed by simple obstruction of 
the main arterial channel. Nevertheless, we be- 
lieve that the broad principle of collateral regres- 
sion applies and that the collateral bed may not 
be so readily expansile on subsequent occasions. 

Dr. Allan D. Callow. I wish to thank the 
discussers for their interest and their kind remarks. 

Dr. Bosher has demonstrated histologic changes 
which certainly suggest irreversible occlusion of 
the small collateral vessels. We recognize that it 
is impossible from our data to make a quantita- 
tive comparison of the collateral vessels, but our 
purpose seems to have been achieved by the mere 
demonstration of vessels in the arteriograms. We 
recognize, also, that these are short grafts and 
that no firm conclusions can be obtained until 
longer segments of arterial trunks are studied. 
We hope to pursue these studies with longer seg- 
ments of vessels to determine the effectiveness of 
collaterals and the extent of occlusion of the by- 
passed segment, that is, whether such occlusion 
extends for the entire length of the bypassed 
segment or only to its first major distal and 
proximal branches. These studies may be made 
more meaningful with determinations of oxygen 
tension of the muscle and quantitation with flow 
rates through various types of reconstructions. 








Polarographic evaluation of 


the reflex vasospasm 
produced by arterial 


injury and operations 


major function of the arterial cir- 
culation is to make oxygen available at the 
cellular level. Under controlled experimental 
conditions, changes in tissue oxygen can be 
monitored for a critical evaluation of the ar- 
terial circulation in that region. Polarog- 
raphy, which was initially used in physiologic 
studies by Davies and Brink,* affords a 
method of continuously monitoring the tissue 
oxygen tension and detecting changes. A 
polarographic technique was used in dogs 
to demonstrate a decrease in muscle oxygen 
tension with dissection and trauma of major 
arteries under normal circumstances. A more 
marked decrease in the oxygen available to 
the myocardium is associated with dissection 
of segments of the aorta and major periph- 
eral arteries. These vasospastic responses were 
shown to be carried over pathways of the 
sympathetic nervous system, and prevention 
of the decrease in myocardial and skeletal 
muscle oxygen tension was readily accom- 
plished by the injection of procaine into the 
vessel prior to dissection. The relative effec- 
tiveness of procaine, Priscoline, and papav- 
erine in overcoming established vasospasm 
was compared. Finally, the polarographic 
technique was applied clinically, by means 
of a newly developed compact electrode 
unit, to evaluate the condition of patients 
prior to lumbar sympathectomy for periph- 
eral vascular insufficiency. 


Read at the Fourteenth Annual Meeting of the Society 
for Vascular Surgery, Miami Beach, Fla., June 12, 1960. 


*Markle Scholar. 
**Research Fellow, National Heart Institute. 
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METHODS 


Modified platinum electrode polarography. 
Measurements of tissue oxygen tension were 
performed by a standard technique in all 
experiments. A compact single unit (Fig. 1), 
composed of a stationary platinum cathode 
and a small calomel reference cell, was de- 
signed by us® to permit simultaneous inser- 
tion of the electrodes with a minimum of 
trauma. The leads from the unit were con- 
nected to a modified polarograph, the circuit 
of which (Fig. 2) had been slightly altered 
to facilitate measurement of oxygen tension 
in biologic media.* A constant electromotive 
force of —0.65 v. was applied to the platinum 
cathode in accordance with the finding that 
the “limiting current” for oxygen in tissue 
occurs at that approximate voltage.* The 
“limiting current” is an expression of the 
level at which the rate of diffusion of a 
substance reaches a constant value and is 
directly proportional to the concentration of 
that substance in solution. Although the 
platinum cathode is capable of detecting 
reducible substances other than oxygen, at 
the decomposition potential of —0.65 v. the 
current obtained from the reduction of oxy- 
gen greatly exceeds that obtained from all 
other currents combined. It is therefore valid 
to regard alteration of current as a mani- 
festation of changes in oxygen tension in the 
region of the cathode. Changes in oxygen 
tension were recorded in millivolts and, by 
application of Ohm’s law with a known 
resistance, were converted to microamperes, 
the conventional form of expressing diffusion 
current. 
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Skeletal muscle experiments. 

Local vascular trauma and effect of drugs. 
Mongrel dogs were anesthetized with intra- 
venous pentobarbital sodium. Ventilation was 
performed endotracheally with 100 per cent 
oxygen by means of a positive pressure 
respirator, since the polarographic determina- 
tion is more sensitive when the concentration 
of oxygen in the arterial blood is high.’* The 
upper third of the femoral artery and the 
ipsilateral gastrocnemius muscle were exposed 
and the electrodes were inserted into the 
muscle. Insertion was considered acceptable 
only if it was accompanied by no gross 
bleeding in the area. After base line record- 
ings of the oxygen tension in the muscle had 
been established, the proximal femoral artery 
was insulted by dissection, rubbing, and/or 
occlusion. Subsequent to these maneuvers, 
3 drugs were administered. One cubic centi- 
meter of 2 per cent solution of procaine was 
injected into the adventitia of the exposed 
vessel. Priscoline and papaverine were used 
as 0.5 c.c. solutions containing 16 mg. and 
12 mg., respectively, and were injected di- 
rectly into the flowing blood of the femoral 
artery. Changes in oxygen tension in the 
gastrocnemius muscle were continuously re- 
corded during all of the procedures and 
results were expressed as delta microamperes 
relative to a base line. 

A minimum of 10 preparations was used 
for each factor studied. Arterial blood pres- 
sure was monitored and random determina- 
tions of the arterial oxygen tension were 
performed during the experiments. In the 
group of unilaterally and bilaterally sympa- 
thectomized animals, the lumbar sympathetic 
chains were removed by either an extra- 
peritoneal or transperitoneal approach days 
to weeks prior to the investigative procedures. 
The vascular pedicle preparation was created 
immediately before the experiment. All 
muscles, nerves, and vascular branches con- 
necting the trunk to the lower extremity 
were severed, which resulted in an isolated 
bridge of femoral artery and vein between 
trunk and limb. 

Distant trauma and “reflex” vasospasm. 
Control animals and dogs, which had been 
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subjected to lumbar sympathectomy, were 
studied. Through a small incision, the elec- 
trodes were inserted into a hindlimb muscle. 
After a satisfactory base line had been ob- 
tained, the major artery to a forelimb was 
exposed, dissected, and rubbed or stretched 
longitudinally. In one group of animals, 
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Fig. 1. Photograph and diagram of compact 
platinum cathode-calomel anode unit. 
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2 per cent procaine was injected into the ad- 
ventitia of a segment of the forelimb artery 
prior to dissection of that portion. The 
oxygen tension of the hindlimb muscle was 
continuously recorded throughout the experi- 
ments. 

Myocardial experiments. After intravenous 
administration of pentobarbital sodium and 
institution of endotracheal positive pressure 
respiration, the heart was exposed and the 
electrodes were inserted a short distance into 
the myocardium. After a stable base line 
had been reached, in one group of dogs the 
femoral artery was dissected and traumatized 
as in previous experiments. In a second 
group of animals, subsequent to the insertion 
of myocardial electrodes, a segment of either 
the abdominal or thoracic aorta was sep- 
arated from surrounding tissues, rubbed, and 
intermittently occluded. The brachial ar- 
terial pressure was monitored throughout 
the experiments and the myocardial oxygen 
tensions were recorded continuously. In both 
groups, the effect of the injection of procaine 
into the segment either before or after dis- 
section was also investigated. 

Clinical application. The studies were car- 
ried out under basal conditions in a room 
with constant temperature according to the 
method of Morton and Scott.’? The patients 
were initially cooled for a period of time 
until the skin temperature of the toes main- 
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Fig. 2. The polarographic circuit. 
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tained a stable low level. The digital tem- 
perature studies were performed with a 
banjo probe and read on a Tele-thermom- 
eter. Under local anesthesia, the electrodes 
were inserted into the gastrocnemius muscle 
through a one-half inch skin incision. The 
oxygen tension of the gastrocnemius muscle 
and the skin temperature of the toes were 
determined during whole body heating and 
also after paravertebral block of the sym- 
pathetic fibers to the lower extremity. 


RESULTS 


Skeletal muscle experiments. 

Local vascular trauma and effect of drugs. 
The changes in the amount of oxygen 
available to the gastrocnemius muscle ac- 
companying dissection, and in some instances 
trauma, of the femoral artery are shown in 
Fig. 3. Each of the 4 experimental situations 
are included, and the bar values of the 
graph represent the average of the 10 prep- 
arations studied. Induced arterial spasm 
caused the greatest decrease in the control 
limb. There was less alteration in muscle 
oxygen tension in the extremities of dogs 
which had undergone lumbar sympathec- 
tomy or denervation by creation of a vas- 
cular pedicle. 

The changes in gastrocnemius oxygen 
tension associated with occlusion of the 
proximal femoral artery are demonstrated 












0.0000 





0.1000 — 





A MICROAMPS 











i I> I> cw 
ro) ais <> q J 
a ro ro ao 
K Ld ld -Oo 
z =< EO Ow 
Oo Iw qw Yo 
Oo == j= < 
va a 
=o a 
= = 
~ > 
” ” 


Fig. 3. The effects of arterial spasm on muscle 
oxygen tension. 
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Fig. 5. The effects of occlusion, spasm, and sub- 
sequent administration of drugs on muscle oxygen 














Fig. 4. The effects of arterial occlusion on muscle 














oxygen tension. 


in Fig. 4. On comparison of Fig. 4 with 
Fig. 3, it is apparent that a more marked 
decrease in muscle oxygen tension resulted 
from femoral occlusion, particularly, in the 
vascular pedicle preparation. There was little 
difference in tissue oxygen tension reduction 
in the control limbs and the sympathec- 
tomized extremities. 

The effects of procaine administered intra- 
adventitially, Priscoline given intra-arterially, 
and papaverine administered subsequent to 
establishment of a decrease in muscle oxygen 
tension by means of arterial trauma are 
shown in Figs. 5 through 8. The changes 
associated with the administration of each 
one of the vasodilator drugs represent al- 
terations in muscle oxygen tension in rela- 
tion to the base line reached after the 
induction of spasm. 

In the control limbs, the 3 drugs studied 
caused an increase in muscle oxygen tension 
(Fig. 5). Procaine returned the tissue oxygen 





tension of a control limb. 









tension to the prespasm base line, that is, 
the increase in oxygen tension after procaine 
administration equaled the decrease associ- 
ated with spasm. Priscoline and, more par- 
ticularly, papaverine administration resulted 
in a slightly greater increase than procaine 
administration and raised the muscle oxygen 
tension above the original prespasm base 
line. 

In the extremities of dogs which had 
previously undergone ipsilateral lumbar sym- 
pathectomy (Fig. 6), the reduction of 
muscle oxygen tension associated with ar- 
terial trauma was less marked. Procaine 
given intra-adventitially caused no change 
as contrasted with papaverine which resulted 
in a marked increase in gastrocnemius oxy- 
gen tension. Priscoline given intra-arterially 
brought about a decrease in the amount of 
oxygen available to the muscle. In view of 
this interesting finding, simultaneous oxygen 
tension measurements were performed in 
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Fig. 6. The effects of occlusion, spasm and sub- 
sequent administration of drugs on muscle oxygen 
tension of an ipsilaterally sympathectomized limb. 


the contralateral unsympathectomized limb. 
A consistent and reciprocal increase in oxy- 
gen tension was noted in the unsympathec- 
tomized extremity. 

The dogs with bilateral lumbar sym- 
pathectomy (Fig. 7) demonstrated a reduc- 
tion in gastrocnemius oxygen tension after 
femoral occlusion equivalent to that observed 
in both the control and ipsilaterally sym- 
pathectomized animals. Dissection, rubbing, 
stretching, and intermittent clamping of the 
proximal femoral artery did not result in any 
spasm, as evidenced by the lack of change 
in muscle oxygen tension. Procaine caused 
no alteration of tissue oxygen tension, while 
papaverine effected a marked increase. 
Priscoline provided a consistent increase in 
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Fig. 7. The effects of occlusion, spasm, and sub- 
sequent administration of drugs on muscle oxygen 
tension of a bilaterally sympathectomized dog. 


the gastrocnemius oxygen tension in contrast 
to the decrease associated with the admin- 
istration of this drug to unilaterally sym- 
pathectomized animals. 

In the vascular pedicle preparations (Fig. 
8), occlusion of the femoral artery was fol- 
lowed by the most marked decrease in 
muscle oxygen tension noted throughout the 
entire series of experiments. A minimal 
spasm effect occurred and there was essen- 
tially no change in muscle oxygen tension 
after the administration of procaine or Pris- 
coline. Papaverine resulted in an increase 
in oxygen tension, but this was less marked 
than in the other groups studied. 

Throughout this series of experiments 
there was little change in arterial pressure 
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with the exception of a minimal decrease 
which occasionally followed injection of 
papaverine. Random recording of arterial 
oxygen tensions revealed no significant varia- 
tion in the oxygen tension of the circulating 
arterial blood. The average time required 
to study an experimental preparation ranged 
between 1 and 2 hours, during which time 
there was no change in temperature of the 
gastrocnemius muscle and periodic checks 
failed to demonstrate any deterioration of 
the platinum electrode. 

Distant trauma and reflex vasospasm. Early 
in the course of studying the effects of 
femoral artery trauma on gastrocnemius 
oxygen tension, we observed an interesting 
and unexpected situation. While dissecting 
a forelimb artery to permit cannulation for 
pressure measurements, we noted a decrease 
in the hindlimb muscle oxygen tension. 
Since such an occurrence suggested substan- 
tiation of the phenomenon of generalized 
reflex vasospasm, investigation was pursued 
(Fig. 9). In five animals studied, there was 
a consistent decrease in the oxygen tension 
of a hindlimb muscle associated with dis- 
section of the major forelimb artery. The 
extent of reduction ranged between 0.10 and 
0.50 microamperes and averaged 0.25 micro- 
amperes. Muscle oxygen tension in 7 animals, 
which had previously undergone ipsilateral 
or bilateral lumbar sympathectomy, was not 
altered by dissection of a forelimb artery. 
Several unsympathectomized animals in 
which procaine had been injected intra- 
adventitially into the brachial artery prior 
to dissection also demonstrated no change 
in gastrocnemius oxygen tension when the 
segment was dissected and traumatized. 

Myocardial experiments. A logical pro- 
gression from the skeletal muscle experi- 
ments was an investigation of the effects of 
vascular dissection on the oxygen tension 
of another muscular organ, the myocardium. 
Dissection of the femoral arteries (Fig. 10) 
in 4 control animals consistently caused a 
decrease in myocardial oxygen tension. This 
varied between 0.06 and 0.80 microamperes 
and averaged 0.34 microamperes. Dissection 
of a procainized segment of femoral artery 
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Fig. 9. The effect of forelimb arterial dissection 
on hindlimb muscle oxygen tension. 


resulted in no alteration in the myocardial 
oxygen tension of 2 animals and a decrease 
of 0.03 microamperes in the third. After 
dissection of the femoral artery and main- 
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Fig. 10. The effect of femoral artery dissection 
on myocardial oxygen tension. 
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Fig. 11. The effect of abdominal and _ thoracic 
aortic dissection on myocardial oxygen tension. 


tenance of a “postspasm” base line of myo- 
cardial oxygen tension, the dissected segment 
was injected with procaine and an increase 
in myocardial oxygen tension was always 
noted. The increase ranged between 0.11 
and 0.34 microamperes and averaged 0.26 
microamperes. 

The effect of abdominal and _ thoracic 
aortic dissection on myocardial oxygen ten- 
sion was more marked (Fig. 11). Dissection 
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of 9 abdominal aortae resulted in an averag 
decrease in myocardial oxygen tension of 0.67 
microamperes. There was no alteration i 
brachial arterial pressure and only a very 
transient and minimal decrease after occlu- 
sion. Fig. 12 represents a typical tracing 
After dissection and intermittent occlusion, 
the adventitia of the involved segment oi 
aorta was infiltrated with procaine. An in- 
crease in myocardial oxygen tension aver- 
aged 0.69 in the 5 animals studied. When 
a procainized segment of abdominal aorta 
was dissected and occluded in 5 animals, 
there was essentially no change in myo- 
cardial oxygen tension. 

The results with dissection of the thoracic 
aorta were similar to those achieved with 
abdominal aortic dissection. When an un- 
procainized segment of thoracic aorta was 
dissected in 6 animals, a decrease of myo- 
cardial oxygen tension between 0.42 and 
0.88, averaging 0.64, occurred. In _ these 
animals, dissection of a procainized segment 
of thoracic aorta caused no change in myo- 
cardial oxygen tension. When the thoracic 
aorta was occluded there was a 40 to 60 mm. 
Hg rise in brachial arterial pressure and also 
a rise in myocardial oxygen tension. This 
was in contrast to the lack of alteration with 
abdominal aortic occlusion. 

Clinical application. The results of the 
clinical studies are presented not as being 
conclusive, but as being preliminary indica- 
tions of the potential value of polarography 
in predicting the response to sympathectomy. 
Two patients were studied. 

The first patient, H. S., had a history 
compatible with the diagnosis of acute 
thrombosis of a popliteal aneurysm 10 days 
prior to admission. On examination incipient 
gangrene of the distal portion of the leg 
was found. Arteriograms showed complete 
occlusion of the popliteal artery and no 
visualization of its branches. Preoperative 
studies (Fig. 13), conducted in the constant 
temperature room demonstrated a minimal 
increase in skin temperature and muscle 
oxygen tension with whole-body heating. In 
this case, while paravertebral block of the 
sympathetic nerves had no effect on the 
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skin temperature, there was a marked and 
persistent rise in the muscle oxygen tension. 
This latter finding suggested that a good re- 
sponse would follow sympathectomy and also 
demonstrated the lack of correlation between 
changes in skin temperature and muscle 
oxygen availability. The patient experienced 
a significant improvement subsequent to the 
operation and has been able to ambulate 
and conduct his normal business activities. 

The second patient, R. H., had unilateral 
rest pain and increasing claudication of 
several years’ duration. At the time of hos- 
pitalization the patient had noted symptoms 
after walking one-half block. Femoral ar- 
teriogram revealed obstruction of the femoral 
artery at its popliteal junction with no filling 
of the anterior tibial artery and poor vis- 
ualization of the peroneal and posterior tibial 
arteries. Whole-body heating caused essen- 
tially no change in either the digital skin 
temperature or gastrocnemius oxygen tension 
in the affected leg (Fig. 14). However, 
paravertebral sympathetic block effected an 
increase in both skin temperature and 
muscle oxygen tension. The patient re- 
sponded well to lumbar sympathectomy, ex- 
perienced disappearance of rest pain, and 
was able to walk 1% blocks before noting 
any symptoms. The improvement has per- 
sisted for 4 months. 


COMMENT 


Platinum electrode polarography has been 
the first practical technique for measuring 
tissue oxygen tension. The use of this tech- 
nique for the determination of the amount 
of available tissue oxygen has been applied 
to many organs.*® ** 7° The response of the 
polarographic system to alteration of oxygen 
tension is practically instantaneous.” 71 Al- 
though it is possible to measure precisely 
the oxygen tension of circulating blood,” 
such an absolute determination of tissue oxy- 
gen tension is presently not feasible by this 
technique.’* However, despite this limitation, 
the polarographic method of investigating 
tissue oxygen tension is applicable for the 
demonstration of acute changes. The method 
does not provide a direct measurement of 
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Fig. 12. Reproduction of a tracing which demon- 
strates changes in myocardial oxygen tension with 
dissection of the abdominal aorta. 
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Fig. 13. Clinical comparison of skin temperature 
and muscle oxygen tension changes. Constant 
temperature room study, No. I. 
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blood flow, but gives information concerning 
changes in blood flow. Under the circum- 
stances in which the oxygen tension of the 
arterial blood remains constant, and when 
there is little alteration of tissue metabolism, 
changes in tissue oxygen tension reflect 
changes in blood flow to that region. 

Polarographic studies of peripheral cir- 
culation were initially performed in the 
skin.**"?® *% °° Oxygen breathing caused a 
rise in the tissue oxygen tension.*® Moderate 
reflex cutaneous vasodilatation produced by 
body warming also increased the oxygen 
tension of skin. Conversely, reflex vasocon- 
striction by cooling decreased the oxygen 
tension. Direct application of heat and cold 
had an even greater effect.** Patients demon- 
strated an increase in the oxygen tension of 
skin with the leg in the dependent position. 
This increase was greater in arteriosclerotic 
patients than in normal ones and, upon 
return of the leg to the horizontal position, 
the oxygen tension decreased promptly and 
completely.*° 

Intra-arterial histamine administration in- 
creased the blood flow and skin oxygen 
tension in arteriosclerotic patients.** Admin- 
istration of Priscoline and Ilidar also in- 
creased the oxygen tension of the skin.** 
There was no change in the cardiac output, 
blood pressure, or metabolic rate with these 
drugs.’® Epinephrine, injected intra-arterially 
in the intact dog or in the perfused de- 
nervated limb, reduced the oxygen tension 
of skin and simultaneously increased the 
oxygen available to muscle.® Since it is 
apparent that vasodilatation in the skin does 
not necessarily parallel changes in_ the 
muscle, and because the important symptoms 
of claudication and rest pain have been 
related to relative muscle anoxia, the logical 
approach to the study of peripheral vaso- 
spasm and the vasodilator potential of drugs 
is an investigation of the changes in muscle 
oxygen tension. 

Our studies have consistently demonstrated 
that dissection and/or trauma of the femoral 
artery is accompanied by a decrease in the 
amount of oxygen available to the distal 
muscle. It is therefore postulated that trauma 
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to a segment of a large artery stimulate; 
vasoconstriction in the distal vascular tree. 
The finding of a decrease in hindlimb 
muscle oxygen tension associated with fore- 
limb arterial dissection suggests that the 
vasospastic response is generalized. This 
demonstration of peripheral vasoconstriction 
following arterial trauma does not contradict 
the studies of Kinmonth*» ** who was unable 
to produce contraction of the proximal fem- 
oral artery with electric stimulation. The 
same experiments showed that direct faradic 
current, mechanical trauma to the vessels, 
and also lumbar sympathetic stimulation 
did cause marked constriction in the distal 
femoral vessels. 

A sympathetic pathway for the peripheral 
vasoconstriction associated with trauma to 
large vessels has been indicated by our 
results. Sympathectomized dogs and dogs 
in which the artery was procainized prior 
to trauma demonstrated no change in muscle 
oxygen tension with dissection of a major 
artery. In addition, subsequent administra- 
tion of procaine to a traumatized vessel in 
an unsympathectomized limb resulted in an 
increase in the oxygen available to the 
muscle. 

The relaxing effect of procaine on arterial 
spasm was noted by Kinmonth,"? as was 
the more marked vasodilatation which oc- 
curred when papaverine was directly applied 
to blood vessels. The decrease in muscle 
oxygen tension which occurred when Pris- 
coline was administered to a sympathec- 
tomized extremity and the reciprocal in- 
crease in muscle oxygen tension of the un- 
sympathectomized limb = graphically  sup- 
port the “borrowing-lending”’ (hemometak- 
inesia) concept of De Bakey and _ col- 
leagues.’ Other authors’ '* ° demonstrated 
with a variety of techniques that generalized 
vasodilatation induced by either whole-body 
heating or Priscoline administration resulted 
in a decrease in blood flow to the sympathec- 
tomized limb. Using venous occlusion 
plethysmography, Gillespie’ also showed a 
reciprocal change in blood flow between a 
sympathectomized and unsympathectomized 
extremity after administration of Priscoline. 
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The technique of stationary platinum 
electrode polarography has been used in 
studies of blood flow to the myocardium.”*-7 
A decrease in the amount of oxygen avail- 
able to the myocardium occurred with oc- 
clusion of a branch of a coronary artery” 
and also with hemorrhagic hypotension.”* 
An increase in myocardial oxygen tension 
accompanied oxygen breathing®> and the ad- 
ministration of L-norepinephrine.** *7 The 
absence of a reflex vasospasm in the coro- 
nary circulation with biliary operations in 
dogs was also demonstrated.”* The applica- 
tion of the polarographic technique to the 
investigation of vasospasm in the coronary 
circulation associated with a major vascular 
operation has been of extreme interest. A 
high incidence of myocardial infarction has 
been experienced in patients undergoing 
aortic operations. In the first 52 cases of 
aortic operations performed at our hospital, 
5 patients had electrocardiographic evidence 
of myocardial ischemia and infarction within 
the first 24 hours postoperatively. Because 
of the fact that in several patients the blood 
loss was insufficient to have caused myo- 
cardial ischemia, the question of reflex vaso- 
spasm from aortic manipulation was con- 
sidered. 

Critical reflex vasospastic changes have 
been noted in the kidney during aortic oper- 
ations. Clamping of the abdominal aorta 
distal to the renal arteries produced a 50 
to 90 per cent fall in renal blood flow,*® 
tubular damage,** and depression of urinary 
output.’? Suggestive of a sympathetic path- 
way for this effect was the prevention of 
the response afforded by acute denervation 
of the kidney** or infiltration of the renal 
pedicle with Xylocaine,’® the administration 
of a ganglionic blocking agent,’® ?* and ex- 
cision or anesthetization of the T, through 
L, sympathetic nerves and ganglia.*® 

The renal responses to aortic operations 
are paralleled by the changes which we have 
described in the myocardium. Dissection and 
occlusion of the abdominal aorta has re- 
suited in a consistent decrease in myocardial 
oxygen tension as determined polarograph- 
ically. Laplane and associates? also dem- 
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onstrated a _ relationship between aortic 
trauma and myocardial ischemia. By means 
of electrocardiographic and histologic studies 
in a series of dogs the authors have shown 
myocardial involvement, which varied from 
simple ischemia to characteristic infarction, 
accompanying the injection of an irritant 
into the ascending aorta. They also have 
shown infarction affecting other organs, in- 
cluding the lungs and intestinal tract, and 
they proposed a “reflex aptitude” of the 
aortic adventitia mediated by the sympa- 
thetic nervous system. These findings coupled 
with our results support the suggestions that 
high spinal anesthesia is indicated for aortic 
operations and that initial local infiltration 
of a major vessel, prior to extensive dissec- 
tion, has protective value. 

Clinically, stationary platinum electrode 
polarography offers an ideal method of 
evaluating the ability of a patient to with- 
stand lumbar sympathectomy. The changes 
effected by paravertebral or epidural block 
reflect the changes in the amount of oxygen 
available to muscle that will follow sym- 
pathectomy. Our two patients demonstrated 
an increase in muscle oxygen tension with 
paravertebral block and both had consider- 
able subjective and objective improvement 
subsequent to sympathectomy. In the second 
patient, interpretation of skin temperature 
studies alone would have suggested a poor 
response to the operation. The method is 
simple and can be applied with minimal 
trauma. For these reasons the technique is 
deserving of further investigation. 


SUMMARY 


Platinum electrode polarography has been 
used to demonstrate changes in the amount 
of oxygen available to skeletal muscle and 
myocardium during vascular dissection and 
trauma. Under the conditions of the experi- 
ment, the determination of tissue oxygen 
tension reflects changes in arterial circula- 
tion and affords an index of vasospasm. 

Dissection and/or trauma of a proximal 
segment of the major artery to an extremity 
causes a decrease in oxygen available to the 
skeletal muscle of that limb and also the 
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muscles of other extremities. These findings 
are offered as evidence of a phenomenon 
of a generalized vasospasm. This vasospastic 
response has been prevented by previous 
local administration of procaine to the dis- 
sected segment or by sympathectomy of the 
extremity. The relative effects of procaine, 
Priscoline, and papaverine subsequent to es- 
tablished vasospasm have been compared 
in normal and in sympathectomized limbs. 

Dissection of a major artery and partic- 
ularly a segment of aorta results in an abrupt 
decrease in the oxygen tension of myocar- 
dium. This effect is also preventable by the 
administration of procaine to the vessel prior 
to dissection. 

The clinical application of a modified 
polarographic technique to the evaluation 
of a patient’s ability to withstand sym- 
pathectomy is described. 




















The authors wish to express their appreciation 
to Dr. Robert Flemma for his technical assistance. 
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DISCUSSION 


Dr. Geza de Takats. The demonstration of the 
marked influence of autonomic nervous impulses 
and relaxants of smooth muscle on fluctuations 
of oxygen tension in the tissues, notably in cardiac 
and striated muscle, is of great interest. Some of 
us have believed for a long time that freedom 
from such impulses is beneficial to ischemic 
organs and tissues, but most so-called clinical 
physiologists have made their studies in a basal 
state and with indirect measurements such as 
venous occlusion plethysmographs or the applica- 
tion of the Fick principle. Some years ago, we 
looked into the possibility of applying Hugh 
Montgomery’s long and painstaking work to 
clinical problems, but shied away from it because 
it was not simple and sufficiently standardized for 
clinical use. The authors are to be congratulated 
for extending the use of this highly sensitive 
method to immediate clinical problems. The ap- 
plication of these findings to our daily vascular 
problems is obvious and we are deeply indebted 
to the authors for shedding such a striking light 
on this unexplored field. 

Dr. Seymour I. Schwartz. I appreciate Dr. de 
Takats’ comments and I thank the Society for 
the privilege of the floor. 











of the lower extremity 


he results of management of chronic 
venous insufficiency have been so discourag- 
ing that many patients and some physicians 
simply do not believe that an effective form 
of therapy exists. As Wright put it in 1930, 
“both patient and doctor grow tired of in- 
effectual treatment and avoid each other.” 
At the present time, however, it is possible to 
relieve the symptoms of venous insufficiency 
of the lower extremity, to obtain healing of 
existing ulcers, to prevent the development 
of new ulcers, and to rehabilitate a large 
majority of patients by following therapeutic 
methods based on sound physiologic and 
pathologic concepts of the disease. As defined 
in a popular textbook,’ venous insufficiency 
means inadequate venous circulation, which 
may be acute or chronic. It would seem 
pertinent here to add that when acute, 
venous insufficiency is due to obstruction of 
venous blood flow of such magnitude as to 
produce symptoms and signs of venous hy- 
pertension in an extremity at rest in the 
recumbent position, and that when chronic, 
venous insufficiency is due to incompetent 
venous valves, which create a state of venous 
hypertension upon ambulation. This valvular 
incompetency may be limited to the super- 
ficial veins (varicose veins), or to the deep 
veins (which may cause the superficial veins 
to become involved after a period of time). 
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In all probability differences in degree of 
chronic venous insufficiency are directly re- 
lated to the number and location of veins 
with incompetent valves. 

The pumping action of the muscles of the 
lower extremity was recognized to be an im- 
portant factor in the propulsion of venous 
blood toward the heart as long ago as the 
eighteenth century.* It is only recently, how- 
ever, that the critical nature of this mecha- 
nism in relation to ulceration of the leg has 
been fully appreciated. By stressing the con- 
cept of the “venous heart,’ Bauer, Linton, 
and Dodd and Cockett* ® ' have crystallized 
our thinking in regard to this age-old condi- 
tion to the point that rational treatment 
permitting a high degree of success has be- 
come possible. 

The “venous heart” depends for its func- 
tion on the muscles of the extremity, the 
enveloping fascia, and the venous valves. The 
muscles exert a forceful pumping action on 
the venous blood in the deep veins, but 
competent valves are required to prevent 
regurgitation during muscular relaxation just 
as they are required by the arterial heart. 
When the venous valves are normal, the 
thrust of the contracting muscles can propel 
the blood in one direction only, and when 
the muscles relax, backflow is prevented. As 
a result of this pumping action, blood is 
drawn into the deep system from the super- 
ficial veins and the venous pressure in these 
veins actually decreases when the subject 
walks.*-*> 7476 In addition to their function 
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of controlling the direction of blood flow in 
the veins, the venous valves offer some pro- 
tection to the small veins and capillaries of 
the leg and foot from the sudden rise in 
venous pressure caused by the contraction 
of the leg muscles and also from the increase 
in venous pressure caused by lifting or 
straining. 

If the valves become incompetent from 
any cause whatever, the venous heart fails 
and the degree of failure appears to be re- 
lated directly to the number of incompetent 
valves. The normal reduction in venous pres- 
sure that occurs on walking is lessened or 
eliminated so that, relatively speaking, a 
state of venous hypertension exists. It is be- 
lieved that all the symptoms and signs of the 
chronic venous insufficiency syndrome stem 
from this venous hypertension. 

The first consequence of venous valvular 
incompetence is distention of the veins in the 
extremity. This accounts for the “dull,” 
“aching,” or “bursting” pain that is expe- 
rienced by the patient and which is relieved 
by elevation of the extremity above heart 
level. 

Gravitational edema occurs daily if the 
deep veins are incompetent, and in some in- 
stances when the superficial veins alone are 
incompetent. This is believed to be due to 
an increase in capillary permeability, which 
in turn is caused by an increase in venous, 
and therefore capillary, pressure.* *° This 
edema usually subsides overnight when the 
limb is elevated during sleep. 

The precise mechanisms involved in each 
of the following phases are not entirely clear, 
but on the basis of clinical experience it 
appears certain that there is a progressive 
increase in capillary permeability, as the 
venous hypertension persists, which permits 
the escape of erythrocytes and proteins into 
the tissue spaces. Hemosiderin, released by 
subsequent breakdown of the red blood cells, 
produces the typical brownish-tan discolora- 
tion of the leg, and the irritating effects of 
the erythrocytes and proteins on the sub- 
cutaneous tissues leads to the formation of 
dense scar tissue. The skin becomes atrophic 
an the hair of the leg is lost. The skin over 
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the indurated area becomes erythematous, 
hot, and tender. Signs of inflammation are 
present without evidence of infection. Thus 
the descriptive term “stasis cellulitis’ was 
coined.** Finally, the skin becomes as thin 
as tissue paper and ulceration occurs spon- 
taneously, or as the result of some normally 
trivial trauma. 

Evidence that venous hypertension is the 
prime etiologic factor is supported by the 
observation that reduction of the pressure by 
elevation of the part above heart level or the 
re-establishment of the “venous heart” by 
use of external pressure relieves the symp- 
toms and results in healing an existing ulcer 
with almost monotonous regularity. Should 
the patient then become ambulatory without 
external support of the extremity, ulceration 
recurs. Conversely, if venous hypertension is 
not reduced by elevation or counteracted by 
external pressure, the symptoms and signs.of 
the disease persist despite all efforts to re- 
lieve them. 

Other mechanisms, such as the negative 
pressure within the thorax on inspiration and 
the vis a tergo of the blood, are also sig- 
nificant factors which aid the return of ve- 
nous blood from the extremities. Evidence is 
lacking, however, that would indicate that 
these forces differ significantly in the nor- 
mal subject and one with chronic ulceration 
of the leg, or in the individual with unilat- 
eral chronic venous insufficiency. 

Terminology. The relationship of varicose 
veins to certain ulcers of the leg was recog- 
nized at least two centuries ago; therefore, 
“varicose ulcers” is probably the oldest name 
still in current usage for the typical venous 
ulcer of the leg. It is not a satisfactory term 
because only approximately 30 per cent of 
the ulcers secondary to venous insufficiency 
are due to varicose veins alone. 

Homans‘ recognized that many ulcers are 
the consequence of deep thrombophlebitis 
and introduced the term “postphlebitic” 
ulcer. The chief difficulty with this term is 
the fact that some patients have typical ul- 
cers of the lower extremity, yet a history of 
previous venous thrombosis cannot be ob- 
tained. Recognition of this fact together with 
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the observation that incompetent veins are 
found in all patients with the typical syn- 
drome at operation led to adoption of the 
term “postthrombotic syndrome” by Lin- 
ton.'* This term encompasses most of the 
instances of chronic ulceration of the leg due 
to venous valvular incompetence, but does 
not include cases of ulcers due to varicose 
veins or cases of primary incompetence of 
the deep veins. “Stasis ulceration” is an out- 
right misnomer which implies actual stagna- 
tion of the blood. 

Since it is believed that the basic defect 
in all instances of varicose veins, varicose ul- 
cers, and all stages of the “postthrombotic” 
syndrome is mechanical failure of the ve- 
nous valves from any cause whatever, it is 
suggested that “venous insufficiency”? is the 
most appropriate term. Qualification of the 
diagnosis by a statement as to which set of 
veins is involved and the etiology, when 
known, gives added information for pur- 
poses of classification. 

It might be argued that this is an over- 
simplification of the problem. Indeed, no 
mention is made of the part played by the 
lymphatic system or by fungus infection. It 
is the opinion of the authors that both these 
factors are of distinctly secondary impor- 
tance in the etiology and management of the 
typical chronic ulceration of the leg. The 
patient who has primary lymphatic insuf- 
ficiency, whether it is of great proportions 
(elephantiasis) or in the more common 
milder form, presents a distinctly different 
clinical picture than the patient with venous 
insufficiency. The swelling is greater and far 
more resistant to treatment. It does not sub- 
side overnight in any but the mildest case 
and frequently cannot be eliminated entirely 
even after several days or weeks of continued 
bed rest with elevation of the lower extrem- 
ity. In the typical case there is no evidence 
of venous disease and there is usually no 
pigmentation or ulceration of the skin. The 
possibility that lymphatic obstruction plays 
some part in the typical chronic ulcer of the 
leg secondary to venous insufficiency is ad- 
mitted, but it certainly does not seem to be 
of major significance. Similarly, in many in- 
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stances of venous insufficiency, evidence o! 
fungus infection of the foot is found which 
should be treated. The ulcer, however, can 
be healed whether the fungus is treated o1 
not, and control of the fungus infection with- 
out pressure or elevation of the part will not 
heal the ulcer. Therefore, fungus infection, 
while admittedly present, seems to play a 
minor contributory role, if any, in the per- 
sistence of the usual chronic ulcer of the leg. 

Varicose veins without secondary changes 
in the skin and subcutaneous tissues are the 
most common cause of chronic venous insul- 
ficiency. A detailed discussion of this form 
of incompetent veins is not pertinent to this 
paper. Clinically, our impression is that the 
successful end results are closely related to 
the thoroughness of the removal of the ab- 
normal veins. All veins to be extirpated are 
marked preoperatively with indelible ink and 
are then removed either by means of a semi- 
rigid intraluminal stripper or by direct ex- 
cision. Our procedures have become progres- 
sively more radical, now averaging 20 to 30 
incisions per extremity. 

When the sequelae of chronic venous in- 
sufficiency, namely, daily swelling, reddish- 
brown pigmentation of the skin, induration, 
cellulitis, and ulceration are present, the 
problem becomes more difficult, and it is this 
syndrome which concerns us presently. The 
results of treatment of patients with this syn- 
drome, seen prior to the onset of ulceration, 
are introduced at this point to demonstrate 
the value of prophylaxis; however, they are 
not included in the final statistics, which will 
be limited to limbs with actual ulceration. 

There were 164 limbs with swelling, pig- 
mentation, and induration that were judged 
to be due to varicose veins alone without in- 
volvement of the deep veins. Of these, 61 
were treated surgically by removal of all 
visible varicose veins, and 103 were treated 
with an elastic stocking. No limbs in either 
group have ulcerated during a follow-up 
period of from 1 to 7 years. The deep veins 
were involved in the venous insufficiency of 
372 extremities seen with swelling, pigmenta- 
tion, induration, or dermatitis. A small num- 
ber of these, 11, were treated by the Linton 
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Table I. Prophylactic treatment after deep 
venous thrombosis: 372 extremities 





No. | Ulcer | % 





Conservative treatment 
Swelling, with or with- 
out pigmentation 
and induration 348 
Dermatitis 13 


Total 361 
Surgical treatment 11 








procedure without ligation of the superficial 
femoral vein. None of these have ulcerated. 
An elastic stocking was prescribed for the re- 
maining 361 limbs. When dermatitis was ab- 
sent, only 2.3 per cent progressed to ulcera- 
tion; however, when dermatitis was present, 
as was true in a smaller number, 23 per cent 
eventually developed ulceration (Table I). 
Thus it can be observed that in the vast ma- 
jority of cases seen before onset of ulcera- 
tion, progression of this syndrome can be 
halted by the use of sufficient external sup- 
port to control edema.* 

The remaining extremities in this series on 
initial examination either had ulceration of 
the skin due to venous insufficiency or a his- 
tory of ulceration in a limb with obvious 
venous insufficiency. This category comprises 
498 patients with 595 extremities. Of these, 
19 limbs were not treated. The ulceration 
was bilateral in 78 (16 per cent) of the pa- 
tients. The women numbered 271 (54.4 per 
cent). The average .<e of all patients treated 
was 57 years. 

A reliable history of the onset of difficul- 
ties with the leg was elicited in 543 in- 
stances (Table II). In 347 cases (64 per 
cent), a clear-cut history of deep venous 
thrombosis was obtained. In the majority of 
these, as indicated on the table, the contrib- 
uting cause was obvious from the history. In 
36 cases (7 per cent), however, no contrib- 
uting cause could be ascertained, despite the 
fact that the history of deep venous throm- 
bosis was unequivocal. In 156 extremities 
(29 per cent), there was a long-standing 


*Surgical Appliance Industries, Inc., Cincinnati 37, Ohio, 


manufactures a stocking of sufficient weight to provide 
adequate support for the majority of patients. 
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history of varicose veins without clinical evi- 
dence or operative findings suggesting in- 
volvement of the deep veins. These ulcers 
were judged to be due to varicose veins 
alone. In 40 limbs (7 per cent), a clinical 
history of deep venous thrombosis was not 
obtained and there was no history of pre- 
ceding varicosities. On the other hand, these 
extremities were indistinguishable from those 
with a clear-cut history of deep venous 
thrombosis and operative findings in all those 
treated surgically were similar to the find- 
ings in extremities with preceding deep ve- 
nous thrombosis. These ulcers, therefore, are 
classified as being in all probability due to 
silent venous thrombosis. It is of particular 
interest to note that in 110 instances (20 per 
cent) the contributing cause of the venous 
thrombosis was trauma, an injury, fracture, 
or burn being the starting point of the 
chronic disability. 

Many patients were unable to furnish pre- 
cise information concerning the interval of 
time between onset of deep thrombophlebitis 
and ulceration. For 251 limbs, the details 
could be considered to be accurate. It will 
be noted that 77 per cent of the ulcers oc- 
curred within 10 years of the onset of deep 
venous thrombosis (Table III). This is a 
slightly higher percentage than observed by 
Linton and Hardy.’* 

Of 472 limbs with ulceration on first ex- 
amination, 39 (8 per cent) had more than 
one ulcer simultaneously. One patient had 
6 areas of ulceration of the leg. 


Table II. Etiology of ulceration secondary 
to venous insufficiency in 543 limbs 








History of deep venous thrombosis 
Contributing causes 
Trauma 
Childbirth 
Operation 
Bed rest (for illness) 
Sclerosing solution 
No known contributing cause 


Total 
Varicose veins 
Probable silent venous thrombosis 
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Table ILI. Interval from onset of deep 
thrombophlebitis to ulceration in 251 limbs 








Years | Extremities | % 
0- 1 36 14 
}- 5 95 38 
6-10 52 25 (77%) 
11-15 29 12 
16-20 15 6 
21-40 11 4 
41-50 3 1 





In 532 cases, a statement as to previous 
ulceration was recorded. In 286 instances 
(54 per cent), there was a history of pre- 
vious ulceration. One patient reported 45 re- 
currences over a period of as many years. 
Previous surgical treatment of the veins was 
reported by 35 per cent of the patients seen 
with recurrent ulceration; 21 per cent of 
those with initial ulceration had undergone 
earlier operations on the veins. The average 
time that the ulcer had been open at onset 
of treatment was 22 months. One patient in- 
sisted that the ulcer had never been healed 
in 41 years. 


MANAGEMENT 


Initial healing. Our basic concept of ve- 
nous ulceration of the leg is that the disease 
is essentially physical in nature, a disease of 
faulty hydraulics resulting from a long-con- 
tinued abnormal venous pressure in the 
limb while walking. This, in turn, is the re- 
sult of mechanical venous valvular incom- 
petence. A reduction in pressure can be 
achieved by elevation of the limb above 
heart level, or the hypertension can be coun- 
teracted by the application of external pres- 
sure to the extremity. Thus, a simple but 
costly method of healing the ulcer is to keep 
the patient in bed with his limbs elevated 
above heart level. Saline compresses applied 
to the ulcer and completely changed 4 times 
a day provide the least traumatic method of 
débridement. No antibiotic or chemothera- 
peutic agents are used locally or systemically. 

The method of elevating the limb deserves 
some mention (Fig. 1). The use of pillows is 
unsatisfactory because the limb tends to fall 
off during sleep. Furthermore, if the pillow 
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is below the knee, the knee joint is hyper. 
extended which causes pain, and if it is a 
the knee, the foot is usually found to lie be- 
low the level of the heart, which is not con- 
ducive to venous drainage. Elevation of the 
bedspring, while satisfactory for short periods 
of time, has the disadvantage of forcing the 
patient to lie on his back continually. By 
keeping the bedspring flat and elevating the 
foot of the bed 6 inches off the floor, the 
legs are maintained at or above heart level 
and the patient can roll freely and sleep on 
his side or abdomen. The only contraindica- 
tions to this method of treatment are cardiac 
decompensation and advanced obliterative 
arterial disease with rest pain. 

A more practical method of treating these 
patients is to apply a pressure bandage to 
be worn for 1 or 2 weeks before it is changed, 
which permits the patient to continue his 
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CORRECT POSITIONS 





INCORRECT POSITIONS 


Fig. 1. A, This position has proved best for long- 
term treatment of ulceration of the leg due to 
venous insufficiency. The foot of the bed is elevated 
6 inches from the floor. The mattress spring is flat, 
allowing the patient to roll and turn in his sleep. 
B, Use of the wedged mattress or a break in the 
bed provides a greater degree of elevation, but it 
is not comfortable for long-term treatment, since 
the patient must lie on his back continually. C, 
The position in which the patient is found on 
daily rounds. Continual vigilance is necessary to 
be sure the limbs are maintained above heart 
level. D, Pillows provide unsatisfactory elevation. 
The limb tends to fall off during sleep. When the 
pillow is below the knee, the knee joint is hyper- 
extended, causing pain. When it is at the knee, 
the foot is usually found to lie below heart level, 
which is not conducive to venous drainage. 
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Fig. 2. Extremity with ulceration secondary to 
venous insufficiency, bandaged from metatarsal 
heads to tibial tubercle with elastic adhesive pres- 
sure dressing. This is worn for 1 or 2 weeks before 
it is changed and allows the patient to be ambula- 
tory and to work while the ulcer is healing. 


daily work until the ulcer is healed. This 
procedure was followed in 80 per cent of the 
cases reported. Actually, half of the re- 
maining patients could have been healed by 
this method. For extraneous reasons, how- 
ever, treatment was not attempted or was 
discontinued. 

Many methods of applying pressure have 
been utilized, from the tightly laced stocking 
of Wiseman" in the eighteenth century to 
the pressurized boot of Scott.*° The use of 
the elastic adhesive bandage as described by 
Wright'* and advocated by Linton’* has 
been our personal choice. 

A bland nonmedicated ointment base is 
applied locally. A generous amount of gauze 
is then wrapped around the leg to keep the 
adhesive bandage from coming into direct 
contact with the skin, reducing skin irri- 
tation to a minimum. Cellucotton is used 
to apply extra pressure over the ulcer and 
along the course of the long saphenous vein. 
Finally, the leg is bandaged from the meta- 
tarsal heads to the tibial tubercle (Fig. 2). 
Occasionally, a patient will develop itch- 
ing and erythema of the leg, presumably due 
to hypersensitivity to the elastic adhesive, 
despite the thick padding of gauze. When 
this occurs, a gelatin (Gelocast) bandage 
may be used, and covered with a rubber- 
ized bandage. A final method which can be 
used if the patient is intelligent is to teach 
him to wrap the leg with gauze over the 
ulcer as above followed by two 4-inch wide 
rubberized bandages. In this way, the patient 
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can change the dressing each day and may 
sleep with no bandage, or a light one, over 
the ulcer at night. However, 2 bandages of 
the prescribed width must be used since one 
does not afford sufficient pressure and a 3- 
inch wide bandage is less comfortable and 
less effective. 

Skin grafting of ulcers. Homans’ was the 
first to point out that the success or failure 
of a skin graft for an ulcer due to venous 
insufficiency depends primarily on the thor- 
oughness of the excision of the scar tissue. 
If the graft is placed on the granulation tis- 
sue, ulceration will recur after the patient 
has become ambulatory because the primary 
cause of the ulcer is still present. If, how- 
ever, a wide excision is performed, which 
necessarily removes all the incompetent veins 
in the region, the graft has a much better 
chance of survival. Homans attributed this 
to the removal of the scar tissue. Linton has 
since demonstrated’* that if the incompetent 
veins are removed from the leg it will re- 
main healed despite the scar tissue. This 
re-emphasizes the point that the disease is 
primarily venous in nature. If it is elected 
to treat the ulcer with a skin graft, a wide 
excision of the scar tissue and deep fascia 
should be performed, and the graft placed on 
the muscle and tendons. After the graft has 
taken, surgical removal of the incompetent 
veins of the thigh and leg above the ulcer 
is advised. 

A primary skin graft was performed in 
21 instances in “the series reported here, 
usually because of extreme age of the pa- 
tient. Whereas the average age of all patients 
treated was 57 years, the age in the group 
with excision and grafting of the ulcer aver- 
aged 74 years. Under ordinary circum- 
stances, treatment with a pressure bandage 
which allows ambulation is preferred to skin 
grafting because the patient is able to work 
while healing, there is a shorter period of 
hospitaliz::‘ion for definitive treatment, the 
final cosmetic result is better, and because 
the normal contour of the leg is preserved, 
a better fit is possible with the elastic stock- 
ing. 

Definitive treatment. Surgical treatment is 
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carried out after the leg has been fully 
healed for several weeks. When the ulcera- 
tion is judged to be due to incompetent 
superficial veins alone, the long saphenous 
trunk is removed from the metatarsals to the 
groin, and the short saphenous from the lat- 
eral aspect of the foot to the knee. All visible 
secondary varicose veins are extirpated. 
When ulceration is due to incompetency of 
the deep veins, with or without involvement 
of the superficial system, definitive treatment 
has been that described by Linton.*? During 
the first 2 years of this series, his method 
was carried out without modification. Since 
then, division and ligation of the superficial 
femoral vein has been omitted. Essentially 
the operation consists of subfascial division 
and ligation of the communicating veins on 
the medial aspect of the leg, and complete 
extirpation of the long and short saphenous 
systems. Failure to include the subfascial li- 
gation of the communicating veins in pa- 
tients with incompetent deep veins is, in our 
opinion, a major cause of recurrence of ul- 
ceration of the leg. 

Postoperative care. Postoperatively, the 
leg is wrapped snugly with two 4-inch wide 
rubberized bandages. The patient is encour- 
aged to walk on the second day if the opera- 
tion has been limited to the superficial veins, 
and on the seventh day if the Linton pro- 
cedure has been carried out. In the latter 
case, the sutures may be left in the leg in- 
cision for 12 to 21 days. Sutures of No. 3-0 
nylon are used in the skin routinely. Because 
of the nonirritating qualities of this material, 
delayed removal is possible. The patient is 
discharged from the hospital within 8 to 12 
days postoperatively. When the limb is fully 
healed, the patient is fitted with the heavy- 
weight elastic stocking previously described 
and is encouraged to resume his normal 
work in 3 to 5 weeks. In most cases, the 
elastic stocking is worn permanently. How- 
ever, should the swelling disappear com- 
pletely in a year or two, as has happened in 
some instances and which can be demon- 
strated by the absence of swelling when the 
stocking is left off on a trial basis for a day 
or so, then the patient is permitted to dis- 
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card the stocking. Fortunately, most patients 
do not consider wearing the stocking 
handicap. Many report that they prefer t 
continue wearing the support although ii 
may be possible to go without it. 

Complications. The most frequent compli- 
cation is a slough in the long incision of the 
Linton procedure through the area of thx 
previous ulceration. The ideal treatment of 
the slough is immediate excision with appli- 
cation of a split-thickness skin graft. In this 
series, a slough occurred 26 times and in 11 
instances it was excised and grafted imme- 
diately. If the slough is small, as it was in the 
remaining 15 cases, it may be handled by 
application of a pressure bandage just as 
when the ulcer is initially healed. Incisions 
through the more normal skin heal per pri- 
mam almost invariably. 

There have been no operative deaths in 
this series. One patient, whose superficial 
femoral vein was not ligated, had a small 
pulmonary embolism which prolonged hos- 
pital stay a few days. 

Conservative treatment. 
treatment means the wearing of a heavy- 


Conservative 


weight elastic stocking and elevation of the 
foot of the bed if there is residual swelling 
in the morning with the bed flat. Patients 
in this group do not constitute a control 
group for those treated surgically. All pa- 
tients are treated individually. It has been 
our general policy to urge surgical treatment 
for the limbs with the most severe disease, 
and no patient has been treated conserva- 
tively because the condition of his leg was 
considered to be too far advanced. On the 
other hand, in many instances in which a 
small superficial ulcer was present without 
severe scarring, conservative management 
has been recommended. For any patient 
whose general physical condition was such 
as to contraindicate surgical treatment, con- 
servative measures were carried through. 


RESULTS 


Initial healing. Ninety-seven per cent of 
all patients were healed initially (Table IV). 
Strictly speaking, there are no true failures 
because all limbs will heal if elevated above 











Volume 49 
Number 1 


Table IV. Initial healing 





| No.| % | No | % 








Limbs with one or more ulcers at 


first visit 472 
Healed 454 97 
Pressure and ambulation 368 80 
Bed rest and elevation 65 13 
Excision and grafting 21 4 
Not healed (for any reason) 18 3 





the heart level. It is true, however, that occa- 
sionally a patient is encountered whose limbs 
cannot be elevated either because of cardiac 
decompensation or advanced obliterative 
arterial disease with rest pain. Reasons for 
failure of the ambulation method are (1) 
inability of the patient to wear an occlusive 
dressing for a week because of skin sensitivity 
or excessive drainage, (2) inability of the 
patient to walk, (3) inability of the patient 
to walk normally because of ankylosis or 
arthrodesis of the hip, knee, or ankle, and 
(4) discouragement or rejection of the treat- 
ment by the patient. 

Definitive treatment. 

Conservative. Of 463 extremities treated 
conservatively, 71 (15 per cent) developed 
recurrent ulcerations. 

Surgical. Ulceration due to incompetent 
superficial veins alone is much more benign 
than that due to involvement of deep veins. 
Of 73 extremities treated, there were 4 re- 
currences (Table V). Two of the 4 failures 
were due either to development of deep ve- 
nous thrombosis after surgical treatment or 
to our nonrecognition of its presence prior to 
the operation. Of the remaining 2, 1 was 
certainly due to inadequate removal of the 
varicosities in a man 79 inches tall. The sec- 
ond was also in a tall man (74.5 inches), 
who reported that he had developed blisters 
after insect bites on several occasions. One 
year after operation, he again developed se- 
vere blistering after an insect bite. This pro- 
gressed to ulceration, which healed promptly 
and has not recurred in 5 years. 

The higher recurrence rate in the group 
with ulceration due to incompetent deep and 
superficial veins in which the superficial fem- 
oral vein was ligated (Table V) may not be 
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significant. In the first place, the follow-up 
period is longer in this group of patients and 
second, there was an inordinately high pro- 
portion of limbs with the most severe form 
of the disease during the first 2 years of this 
series. 

An attempt has been made to analyze the 
reasons for failure in the 23 instances of re- 
current ulceration (Table VI). Recurrence 
was considered to be due to patient neglect 
in 4 instances. These patients were irrespon- 
sible and simply would not cooperate in the 
care of their limbs. Eight recurrences were 
considered to be due to patient disease, that 
is, an extent of disease or progression of dis- 
ease which seemed to be an adequate ex- 
planation for the recurrent ulceration. For 
example, one elderly patient with 1 arm 
lived alone and could not wrap his leg or 
put on an elastic stocking. Another patient 
sustained a compound trimalleolar fracture 
of the ankle 6 years postoperatively and then 
developed a recurrent ulceration. There was 
also the fascinating case of a patient who 
had at least a dozen episodes of recurrent 
deep thrombophlebitis. This man was first 
seen with multiple pulmonary emboli. A 


Table V. 225 limbs with ulceration: 
recurrence rates after surgical treatment 

















No. 
opera- | Recur- 
tions | rence % 
A. Stripping of long and 
short saphenous veins 73 + + 
B. A and ligation of 
communicating veins 122 16 =13.0 
C. B and ligation of 
femoral vein 30 7. 68D 
Total 225 af) x45 





Table VI. Recurrent ulceration after Linton 


o peratio n 











Cause | No. 
Patient neglect 4 
Patient disease 8 
Surgical technique 3 
Unknown causes 8 
Total 23 (15%) 
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large thrombus was removed from the vena 
cava and the vessel ligated. Over the next 
5 years, he had repeated bouts of venous 
thrombosis of the lower extremity, despite 
the fact that throughout most of this period 
he was on anticoagulant therapy and re- 
ceived as much as 200 mg. of phenindione 
a day. He developed the typical syndrome 
of chronic venous insufficiency with ul- 
ceration and a recurrent ulcer after surgi- 
cal treatment. In addition, he is the only 
patient we have ever seen who developed 
typical venous ulcers at the level of the knee. 
In 3 instances, recurrent ulceration was due 
to inadequate removal of the incompetent 
veins. In 2 of these limbs, the remaining 
varicosities could be seen clinically. In the 
third, a large varicosity draining the recur- 
rent ulceration was demonstrated by venog- 
raphy. In 8 instances, the cause of the recur- 
rence was unknown. Perhaps some of these 
may have been due to failure to remove an 
adequate number of diseased veins, or there 
may have been other factors about which we 
are ignorant at the present time. 


SUMMARY 


Chronic venous insufficiency of the lower 
extremity includes all pathologic conditions 
of the limb that result from incompetence of 
the venous valves. Valvular incompetence 
may be limited to the superficial or deep set 
of veins, or may be present in both at the 
same time. Valvular incompetence dimin- 
ishes the efficiency of the venous heart and 
reduces or eliminates the fall in venous pres- 
sure that occurs normally on walking. A 
state of venous hypertension upon ambula- 
tion results, which is believed to be the prime 
factor in producing the typical syndrome of 
daily swelling, pigmentation, induration, and 
ulceration of the lower extremity. Other 
factors, such as lymphatic obstruction and 
fungus infection, are considered to be of sec- 
ondary importance as causative factors in 
this disease process. 

The most effective method of treatment of 
varicose veins is complete removal of all di- 
lated veins. In the extremity with pigmenta- 
tion and induration due to incompetent 
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superficial veins alone, this same treatment 
is indicated either prior to ulceration o1 
after the ulcer has been healed. When pig- 
mentation and induration occur in associa- 
tion with insufficiency of the deep veins, pro- 
gression of the syndrome can be halted in 
most instances by the use of a heavy-weight 
elastic stocking. In the presence of existing 
ulceration, the limb should be healed by the 
application of a pressure bandage and ambu- 
lation as the treatment of choice. If this is 
contraindicated, the use of a split-thickness 
skin graft or bed rest with elevation of the 
limb above heart level will bring about heal- 
ing. 

After healing is complete, radical removal 
of the long and short saphenous systems, to- 
gether with ligation of the communicating 
veins, according to the method of Linton, 
is recommended. After surgical treatment, 
the patient should wear an elastic stocking of 
sufficient weight to prevent edema until all 
evidence of swelling disappears. 

Conservative management after healing of 
the ulcer means the wearing of the same 
type of heavy-weight elastic stocking, and 
elevation of the foot of the bed 6 inches from 
the floor if there is residual swelling in the 
morning with the bed flat. 

By the methods outlined above, 97 per 
cent of all ulcers were healed (80 per cent 
while the patient was ambulatory). Of the 
ulcers managed conservatively, 85 per cent 
have remained healed. There have been no 
recurrences in 94.5 per cent of the patients 
with ulcers due to varicose veins who were 
treated surgically. Of the patients with in- 
volvement of the deep veins who had oper- 
ative treatment, 85 per cent have remained 


healed. 
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DISCUSSION 


Dr. Edwin J. Wylie. Dr. Cranley has presented 
a large and carefully followed group of patients 
in whom venous ligation has produced rewarding 
results. He has called attention to the need for 
careful postoperative management, particularly 
wth respect to the necessity for providing satis- 
fe.tory elastic compression. If I understand his 
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remarks correctly, the only patients in his series 
who developed later recurrence of ulceration were 
those who had been careless about maintaining 
elastic compression. 

In a somewhat smaller series of patients with 
the same condition, we have modified Dr. Cran- 
ley’s approach in one significant respect. Vein 
ligation has been omitted from the program of 
care. We have used measures similar to those 
indicated by Dr. Cranley to obtain healing of 
ulceration. In only rare instances has it been 
necessary to excise the area of ulceration and cover 
the defect with a skin graft. Elastic support is 
provided once healing has been obtained and, in 
general, is maintained as a permanent measure. 
We found, as did Dr. Cranley, that the only 
patients who had recurrence of ulceration were 
those who had been negligent about wearing 
their elastic stockings. 

Since the results of management without surgi- 
cal intervention are apparently the same in our 
series as in Dr. Cranley’s, I rise now to question 
the necessity for the more radical type of approach 
advocated by Dr. Cranley, and specifically to ask 
him to describe the observations which lead him 
to favor the operative approach. : 

Dr. Robert R. Linton. I would like to compli- 
ment Dr. Cranley and his co-workers on this 
excellent presentation and on their results in a 
condition which has been plaguing the human 
race for centuries. 

He has demonstrated that surgical treatment of 
this condition has merit. His procedure is one 
similar to the one I described previously in the 
literature and he has found, as I did, that in addi- 
tion to operation for this condition, patients do 
need external elastic support. 

It has been my observation that patients with 
frank ulceration do better in the long run if they 
have this radical and, shall we say, adequate type 
of surgical approach in addition to the wearing 
of the elastic support, whereas many of the pa- 
tients who have the postthrombotic syndrome 
without ulceration can get along well with a 
heavy-weight type of proper elastic stocking. 
Again, I would like to compliment the authors 
on their results and hope that they will encourage 
others to treat patients in a similar manner. 

Dr. Thomas T. Myers. I wish to compliment 
Dr. Cranley on his excellent presentation. He has 
emphasized the need of meticulous medical and 
surgical care of this type of patient. 

It is true that many patients with complicated 
postphlebitic legs may get along satisfactorily with 
only adequate elastic support. This is especially 
true if varicosities and incompetent perforations 
are not a part of the problem. However, if the 
patient had varicosities before deep phlebitis de- 
veloped or if the varicosities developed secondarily 
to the injury of the deep veins, the venous insuffi- 
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ciency resulting is more severe and demands more 
heroic measures. 

In other words, the varicosities and incompetent 
perforation may be the breaking point. I am re- 
ferring especially to this latter group. A moderate 
deep venous insufficiency may present a compli- 
cated or uncontrollable problem as long as the 
surface veins are present. 

Surgical measures which consist of extensive 
removal of the varicose veins and ligation of 
incompetent perforations may revert moderately 
severe venous insufficiency to a condition that 
requires only minimal elastic support or may 
change a far-advanced condition to one that is 
controllable by elastic support. 

Dr. Edward A. Edwards. Dr. Cranley and his 
associates have documented well an approach to 
the treatment of varicose disease according to the 
sources of abnormal reflux. While the old and 
effective procedure of saphenous division is widely 
practiced, along with stripping, there is probably 
insufficient appreciation of the great utility of the 
subfascial approach devised by Dr. Linton for the 
purpose of dividing the communicating veins that 
show an abnormal reflux. 

I have found it important to make a distinction 
between limbs in which thrombophlebitis has 
previously occurred and those in which incom- 
petent communicating veins are present with 
ordinary varices. In the case of ordinary varices, 
it is useful to localize the abnormal communicating 
vessels by clinical means or by venography. In 
these instances, the subfascial approach is still 
very useful but the incision can be a small one. 
Sweeping the finger under the fascia will give 
effective exploration of a fairly large zone. 

When communicating veins are incompetent by 
virtue of previous phlebitis, it may be quite mis- 
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leading to try to localize 1 or 2 communicatin 
veins as the offending vessels. In these instance: 
I have found it essential to use a long subfascial 
incision in order to explore widely, making the 
approach either on the medial side, as Dr. Linton 
originally proposed, or in some instances, using the 
posterior incision suggested by Drs. Felder, 
Murphy, and Ring. Through either of these two 
incisions and by the use of proper retraction, one 
can explore from the attachment of the deep 
fascia to the tibia anteriorly, to the peroneal 
septum posteriorly. It is only uncommonly that 
incompetent communicating veins need to be 
sought in the anterior tibial compartment. 

Dr. John J. Cranley. I would like to thank all 
the discussers and to answer the questions of Dr. 
Wylie. First, it must be remembered that the pa- 
tients whom we treated conservatively cannot be 
considered controls for those treated surgically. 
Throughout our practice, we have consistently 
urged operation for those with the worst disease, 
and many of those treated conservatively had only 
minimal disease. Second, the recurrence of an 
ulcer of the leg is but one criterion of success, and 
it is the most inflexible criterion. Nevertheless, 
there are other criteria which are not easily 
tabulated, and which can only be evaluated col- 
lectively as an over-all impression of both immedi- 
ate and long-term results. And in our judgment, 
the surgically treated group have better limbs and 
are more comfortable than patients who are 
treated conservatively. Finally, as Dr. Linton has 
just pointed out, if you accept the fact that these 
ulcers and all the symptoms are due to incom- 
petent veins, nothing would seem to be more 
logical than that removal of such veins should 
leave the patient with a better limb. 
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1. lymphatic system has been studied 


extensively in animals by dissection after the 
injection of vital dyes. In human beings, 
however, when lymphatic disease is suspected 
on the basis of either palpably enlarged 
lymph nodes or the appearance of regional 
edema, demonstration of primary or second- 
ary disorders of the lymphatic system is 
fraught with difficulty. Although morpho- 
logic studies by means of vital dye injection 
have been carried out in conjunction with 
surgical procedures, such techniques cannot 
be extensively applied in a routine diagnostic 
way. Radiologic delineation of the lym- 
phatics provides a technique applicable to 
the study of such patients and not only 
demonstrates the anatomy of the lymphatic 
system but frequently supplies information 
concerning abnormal physiologic conditions 
as well. Lymphatic studies made in experi- 
mental animals and subsequently in a num- 
ber of patients with a varity of pathologic 
processes are the basis for this report. 
Technique of lymphangiography. We have 
followed in its essentials the technique of 
Kinmonth** and Fischer* for visualization 
of peripheral lymphatics by identification 
and injection of a peripheral lymphatic 
vessel. Our present technique for the per- 
formance of a peripheral lymphangiogram 
may be described briefly. The patient is 
placed on the x-ray table and scout films 
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Radiographic studies of 


the lymphatic system 


of the extremity are taken for position and 
technique. The foot on the side to be exam- 
ined is prepared and draped from toes to 
above the ankle. With a No. 30 hypodermic 
needle, a small amount of 1 per cent pro- 
caine is infiltrated into the skin in each 
interdigital space. With a 2 c.c. syringe, 
0.3 ml. of direct sky blue dye is then in- 
jected into the subcutaneous tissue in each 
interdigital space. After infiltration with 1 
per cent procaine solution a skin incision 
from 2 to 4 cm. in length is made proximally 
on the dorsum of the foot for identification 
of lymphatic vessels. From 2 to 4 lymphatic 
vessels satisfactory for injection purposes can 
usually be identified. Since venograms are 
also obtained in many of our peripheral 
lymphangiography studies, we have trans- 
ferred the site of the incision to the area 
of the medial malleolus over the long saphe- 
nous vein. In this region both lymphatics 
and a large venous channel are readily 
available through a single incision. When 
one or more lymphatic vessels have been 
identified by their blue color, they are ex- 
posed for a distance of approximately 0.5 
cm. without circumferential dissection. With 
a 5 c.c. syringe and a No. 27 or 30 hypo- 
dermic needle, 5 ml. of 50 per cent Hypaque 
solution is injected directly into the lym- 
phatic channel. A satisfactory injection is 
evidenced by the visible washing out of blue 
dye from the injected lymphatic channel, 
by the absence of visible infiltration into the 
perivascular tissues, and by the subjective 
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Fig. 1. Visualization of peripheral and central lymphatics of the dog by direct injection of 50 
per cent Hypaque into a lymph vessel. A, Lower leg with prominent popliteal node, afferent 


appearance of a burning pain ascending 
the extremity along the channel of the 
lymphatic vessel. Films are taken immedi- 
ately after the completion of the injection 
and after the expiration of a period of 1 
minute. 

Technique of lymphadenography. Satis- 
factory visualization of lymph nodes can be 
obtained by injection of radiopaque me- 
dium into an afferent vessel distal to the 
node in question. For visualization of in- 
guinal nodes, for example, an afferent vessel 
is identified through an incision in the thigh 
and the injection is made in the proximal 
direction as described above. This technique 
is, however, subject to limitations imposed by 
the size of the afferent lymphatic vessel and 
the skill of the operator in the cannulation 
and injection of the vessel. In order to cir- 
cumvent some of the technical difficulties 


of injection of small lymphatic vessels, we 
evolved a technique for direct injection of 
radiopaque medium into the substance of 
a lymph node. Care is exercised in exposing 
the node to avoid division of any of the 
afferent or efferent lymphatic channels in 
order to obviate extravasation of injected 
dye at the time the study is carried out. 
The use of vital blue dye for the identifica- 
tion of lymph nodes is not ordinarily neces- 
sary. Ten to 20 ml. of 50 per cent Hypaque 
is injected slowly over a period of several 
minutes with a No. 25 or 27 hypodermic 
needle and serial films are taken. 
Experimental observations. Visualization 
of the lymphatic vascular system in the dog 
is readily accomplished by the instillation 
of 8 to 10 ml. of radiopaque medium into 
a peripheral lymph vessel. In the hind limb, 
depending on the site of injection, at least 
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and efferent vessels. B, Central lymphatic channels in abdomen which show confluence into 
cisterna chyli. C, Lateral view of central lymphatics of abdomen and inferior thoracic area. 
D, Superior thoracic segment which shows thoracic duct ascending on left side. 


2 groups of fine lymphatic channels can be 
demonstrated ascending the leg and forming 
several large channels at the inguinal area. 
A large lymph node with distinct afferent 
and efferent channels is routinely visualized 
in the popliteal space (Fig. 1, A). Further 
instillation of dye produces opacification of 
the larger lymphatic channels in the pelvis 
and retroperitoneal area of the trunk (Fig. 
1, B). In the upper abdomen the coalescence 
of large channels to form the cisterna chyli 
can be visualized and the large thoracic 
duct ascending into the chest is readily 
identified (Fig. 1, C). As the thoracic duct 
ascends it passes toward the left side in the 
cervical area and then curves again in a 
medial direction to empty into the subclavian 
vein (Fig 1, D). In addition to delineation 
of the anatomy of the lymphatic vascular 
system in the dog, we have made experi- 


mental observations on operations of the 
lymphatic system. These include the time 
sequence in lymphatic regeneration after 
simple division and with resection of seg- 
ments of lymphatic vessels, the role of lym- 
phatic obstruction in chronic edema, and 
transplantation of segments of the lymphatic 
vascular system. These observations are re- 
ported elsewhere.’ 


CLINICAL OBSERVATIONS 


The edematous leg. Nineteen patients 
whose primary manifestation of disease was 
regional edema of one or both legs were 
studied with lymphangiography and in most 
cases by complementary venography. Of 
the 19 patients, 14 had primary disease in 
the peripheral venous system, 3 had primary 
lymphedema, and 2 had edema on the basis 
of nodal metastases. 





62 Bower, Tziros, Debbas, and Howard 


Varicose veins. Peripheral lymphangio- 
grams were performed on 8 patients with 
primary disease in the superficial venous 
system of the leg. Edema was present in all 
the extremities studied and historically had 
been evident from 4 months to 20 years. 
In 3 of the 8 patients, the varicose condition 
was complicated by ulceration. Also in 3 
patients with chronic edema of many years’ 
duration abnormalities in the peripheral lym- 
phatics were demonstrated by roentgeno- 
grams (Figs. 2 and 3). In the remaining 
5 patients the lymphangiograms were nor- 
mal. Although the appearance of ulceration 
is usually correlated with chronic edema it 
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is of interest that 2 of the patients who 
manifested ulceration in this group ha 
radiographically normal lymphatic channels. 

Postphlebitic syndrome. Two patients with: 
a typical clinical picture of postphlebitic syn- 
drome including chronic edema, pigmenta- 
tion, stasis dermatitis, and ulceration wer: 
studied by lymphangiography and were 
found to have abnormal changes in the 
lymphatic vessels, particularly in the area 
of obvious soft tissue disorder in the lower 
leg. In this small group of patients the triad 
of chronic edema, ulceration, and patho- 
logic changes in the lymphatic vessels were 
present. 


Fig. 2. J. S., a 38-year-old Negro male who has had varicose veins for 20 years complicated 
by chronic edema and ulceration. A, Legs 6 weeks after bilateral saphenous ligation and 
stripping. The ulcers are almost healed. B, Preoperative venogram which shows varices in 


lower leg and patent popliteal vein. 
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Thrombophlebitis. Four patients had a 
primary complaint of unilateral leg edema, 
1 of 6 weeks’, two of eight weeks’, and 1 of 
12 weeks’ duration. Two of the 4 patients 
gave a history of similar less severe episodes 
of swelling in previous years. One of the 4 
patients had symptoms which included heat, 
erythema, and tenderness suggestive of a 
current acute inflammatory process, whereas 
the others presented primarily regional 
edema without signs of inflammation (Fig. 
4). It is of interest that 3 of the 4 patients 
were referred for study because primary 
lymphatic disease was suspected. Peripheral 
lymphangiograms in all patients demon- 
strated no significant abnormalities. In 2 
of the patients there appeared to be a slight 
increase in the number and tortuosity of 
lymphatic channels but this was considered 
to be within limits of normal variation (Fig. 
5). Venograms, however, performed simul- 
taneously demonstrated extensive thrombotic 
disease in the deep venous system of the 
iliac-femoral-popliteal area (Fig. 6). 

Nodal metastases. Two patients who had 
proved metastatic carcinoma to inguinal 
lymph nodes with concomitant edema of the 
involved leg were studied by lymphangi- 
ography. In one patient who had had mas- 
sive edema of the leg for 1 year prior to 
study, the lymphatic channels were grossly 
abnormal and demonstrated tortuosity, frag- 
mentation, and abnormal passage of dye 
into the perivascular tissues. The second 
patient had had edema of a less severe 
degree for 6 months prior to a study which 
revealed normal lymphatic channels. A 
complementary venogram performed on the 
patient with massive edema and abnormal 
lymph channels demonstrated patency of 
the femoral-popliteal system. This patient 
is the only one with edema of such short 
duration in whom we have observed a dis- 
order in the peripheral lymphatic vessels. 

Primary lymphedema. Three females aged 
19, 35, and 42 had complaints of painless 
swelling of one or both legs for 112, 7, and 
28 years, respectively. The youngest patient 
had swelling confined to the right lower leg 
and ankle which had been present for 18 
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Fig. 3. Lymphogram (J. S.) which shows tortu- 
osity and fragmentation of lymph channels in 
lower leg with abnormal passage of dye into 
interstitial space in area of ulceration. 


months. Inspection of superficial lymphatics 
in this patient after subcutaneous injection 
of a vital dye revealed extremely slow trans- 
port of dye into afferent lymph channels. 
Furthermore, injection of contrast medium 
directly into 4 separate vessels simply pro- 
duced first dilatation of the vessel and finally 
extravasation of dye through the needle 
opening. 

These observations suggested a develop- 
mental abnormality in the lymphatic system 
in which segments of vessels were present 
and identifiable but without normal proxi- 
mal continuity. Such a situation could be 
explained by segmental failure of canaliza- 
tion of lymphatic vessels after the stage in 
which these are present as solid cords. The 
remaining 2 patients also had lymphatics 
which were grossly abnormal on direct in- 
spection. In one patient we were successful 
in visualizing radiologically the lymphatics 
of the lower leg and obtained films showing 
marked pathologic changes including dilata- 
tion, tortuosity, fragmentation, and one 
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Fig. 4. A 58-year-old white female with swelling 
of left leg for 8 weeks. Photograph demonstrates 
edema and erythema of left leg most marked 
below the knee. 





Fig. 5. Lymphogram of same woman as Fig. 4 
which shows multiple fine lymph channels with 
some elongation and slight tortuosity. 
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definite area of obstruction. All 3 patients 
had normal venograms. 

Postmastectomy arm. We have studied 5 
patients with varying degrees of arm edema 
after radical mastectomy for carcinoma of 
the breast. All of these patients were in the 
early postoperative period. The longest in- 
terval between operation and lymphatic 
study was 53 months. Normal lymphatic 
vessels were identified in the arm in all 5 
patients. In only 1 of the 5 were we able 
to obtain a satisfactory lymphangiogram of 
the peripheral lymphatic vessels in the arm. 
In this patient fine, straight lymphatic ves- 
sels were visualized up to the area of the 
axilla but no channels were visualized trav- 
ersing the field of operation (Figs. 7 and 
8). This patient was studied 6 weeks after 
operation. 

Visualization of lymph nodes and retro- 
peritoneal lymphatics. Five patients were 
subjected to lymphangiographic studies for 
the purpose of identifying a _ pathologic 
process in regional lymph nodes or for 
visualization of pelvic and _ retroperitoneal 
lymphatic channels. As mentioned above it 
is possible to visualize regional lymph nodes 
by injection of an afferent vessel provided 
that the volume of dye is sufficiently large 
and the vessel injected leads directly to the 
node to be visualized. Thus in the routine 
performance of peripheral lymphangiography 
of the leg it is common to observe opacifica- 
tion of one or more groups of lymph nodes 
in the inguinal area and not infrequently 
to find several efferent channels ascending 
toward the pelvis. If it is considered to be 
inadvisable to expose and inject directly 
the node in question, good visualization can 
be accomplished by injection of an afferent 
channel in close proximity to the node to 
be studied. If there is no reason to suspect 
disease in the regional lymph nodes, these 
nodes then can be used as channels for the 
instillation of dye which will pass through 
efferent channels to visualize longer seg- 
ments of the central lymphatic system. The 
illustrations demonstrate direct injection of 
inguinal lymph nodes with visualization of 
efferent channels in the pelvic area (Fig. 9). 
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Of particular interest was this lymphad- 
enogram performed in a _ patient with 
chylous ascites. An unusually complex and 
tortuous system of lymphatic vessels was 
visualized on the left side in the pelvis and 
in the periaortic area ascending as high as 
the crus of the diaphragm. Although we 
suspected the presence of a lymphatic fistula, 
none was visualized. 


COMMENT 

Thus far peripheral lymphangiography 
has proved to be of particular value in the 
evaluation of patients with regional pe- 
ripheral edema. In the patients we have 
studied its greatest practical contribution 
has been to demonstrate the normal mor- 
phologic picture and dynamics of lymphatic 
flow, thus excluding the peripheral lym- 
phatic system as a major etiologic factor 
in particular patients. After finding normal 
lymphatics in such a high percentage of pa- 
tients with chronic edema, we are currently 
placing greater emphasis on the concomitant 
visualization of the superficial and deep 
venous systems of the extremities. Adequate 
visualization of both the peripheral lym- 
phatic and peripheral venous systems will 
contribute much to a specific etiologic diag- 
nosis in patients with chronic edema. This 
information in turn will provide a basis for 
improved management aimed at the primary 


Radiographic studies of lymphatic system 65 


Fig. 6. Venogram of femoral-popliteal 
area which shows extensive thrombosis 
of the deep veins with flow through 
intermediate and _ superficial collat- 


erals. 


Fig. 7. A 37-year-old Negro female 6 weeks after 
left radical mastectomy for carcinoma. A, Oper- 
ative area and upper arm. B, Venogram which 
shows axillary vein with area of narrowing 
(arrow) after operative injury. 








Surgery 


66 Bower, Tziros, Debbas, and Howard / 
January, 1961 





b 

° 
~ 
ae 


a4 


Bie tuys 


VIHd13Q¥ Hd 
5 


VIHd 130¥4IHa 
P 65 
seelated ‘as ’ 


s 


af! 
me 
wl 


of 


de: 


Witsacnu 


Vd 
Evacer 





Fig. 8. Lymphogram which shows fine straight vessels from wrist to axilla. 
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ease we have observed definite lymphangi- 
ographic signs of lymphatic vascular dis- 
orders. We are not able to say, however, 
that the lymphatic abnormality in these pa- 
tients has become a contributing factor to 
the persistence of the chronic edema. An 
indirect bit of evidence that lymphatic vas- 
cular disorder does not play an important 
role in the complications of chronic edema 
is to be found in the patients who demon- 
strate ulceration on the basis of chronic 
edema but in whom normal peripheral lym- 
phatic channels were identified. The only 
group of patients, in fact, for whom we can 
conclude that the manifestation of edema is 
on the basis of lymphatic disease is that 
small group of patients with the condition 
commonly known as primary idiopathic 
lymphedema. In these patients the lymphatic 
vascular abnormalities are marked and are 
of extensive degree, much more extensive 
than the most severe abnormalities observed 
in patients with primary disease in the 
peripheral venous system. 

Postoperative edema. Our studies in post- 
mastectomy patients with varying degrees 
of arm edema have not supplied appreciable 
new information concerning this problem. 
We have not been able to demonstrate lym- 
phatic channels traversing the operative field 
in the postmastectomy patients, and we 
have not as yet attempted any observations 
in patients who have had node dissections 
in the femoral inguinal area. Observations 
made on dogs in the laboratory, however, 
do provide some information concerning 
the chronology of lymphatic regeneration 
after surgical division or ablation of seg- 
ments of the lymphatic system. In animals 
which have been subjected to simple division 
of peripheral lymphatics, radiographically 
demonstrable regeneration occurs within a 
period of about 3 weeks, and is correlated 
with the disappearance of edema from the 
leg. Animals which have been subjected to 
resection of all identifiable lymphatic chan- 
nels draining an extremity develop extensive 
edema and this edema has persisted for the 
duration of observation, which at the pres- 
ent time is 2 months, 
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Fig. 9. A 41-year-old male with chylous ascites. 
Serial films were taken during bilateral simul- 
taneous injection of inguinal lymph nodes. Failure 
to visualize on right side was due to interruption 
of efferent vessels during dissection of the node. 
Note progressive filling of markedly dilated and 
tortuous vessels in left iliac and aortic areas up 
to level of diaphragm. 
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Abnormalities of node and central lym- 
phatic trunks. Although our limited number 
of studies have demonstrated the feasibility 
of node visualization and also the visualiza- 
tion of central portions of the lymphatic 
collecting system, our experience is not as 
yet sufficiently extensive for evaluation of 
the practical value of these diagnostic pro- 
cedures. A great many more observations 
must be recorded for normal individuals in 
order to provide a more comprehensive 
understanding of normal patterns of varia- 
tion before significance can be attached to 
a particular study in a patient with demon- 
strable disease. We have demonstrated a 
nodal metastasis radiographically in one pa- 
tient and indirect evidence of lymphatic ob- 
struction on the basis of nodal invasion in 
a second patient. The reliability of such ob- 
servations, however, must await re-evaluation 
in the light of much more extensive knowl- 
edge of the morphologic picture and func- 
tion of the lymphatic system in health and 
disease. 


SUMMARY 


The problem of specific diagnosis of ab- 
normalities of the lymphatic system is re- 
stated. The technique of lymphangiography 
and lymphadenography is briefly reviewed. 
Observations on experimental animals which 
demonstrate the potentialities of the tech- 
niques and on a group of patients with a 
variety of clinical disorders are reported. 
Lymphangiography has been of greatest 
practical value in the evaluation of the pa- 
tient with chronic regional edema. 
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DISCUSSION 


Dr. John M. Howard. Our interest in the lym- 
phatic system has been increasing as the horizon 
broadens. We infrequently find complete obstruc- 
tion of the lymphatic pathways. Instead, what is 
usually found is a reflux of dye into the many 
lymphatic tributaries which produces a pattern 
not unlike that seen during a bronchogram when 
the patient coughs and the radiographic medium 
fills the alveoli. 

Dr. Danese, in our laboratory, has developed 
a method of performing lymphangiography in the 
dog by subcutaneous injection. He injects the 
radiopaque medium (water soluble) beneath the 
skin of the dog’s paw. He then places a blood 
pressure cuff over the site of injection and inflates 
the cuff. With an increase in the tissue pressure, 
the dye moves rapidly into the lymphatics so 
that within 1 to 3 minutes, roentgenograms dem- 
onstrate the lymphatic pathways. By this means, 
he can outline the lymphatics of the extremity, 
including the lymph nodes both in the extremity 
and retroperitoneally. Further studies have dem- 
onstrated that after transection of a lymph node, 
the lymph node can be resutured. Lymphograms 
then revealed that the dye moves without inter- 
ruption through the reconstructed lymph node. 
Furthermore, one-half of a lymph node can be 
sutured to one-half of another lymph node so 
that the lymphatic flow can be altered by creation 
of new channels. The ease with which the radio- 
graphic studies can be performed permits many 
other studies. At present there are investigations 
underway on the transplantation of lymph nodes. 
on the suture of lymphatics with end-to-end 
anastomosis, and on the rapidity of regeneration of 
lymphatic pathways after transection of a limb. 

Lymphatic surgery has been almost nonexistent 
except for extirpative operations. It is quite pos- 
sible that direct reconstructive operations on the 
lymphatic system will have a place in the surgery 
of tomorrow. 
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he progress made in the surgical treat- 
ment of congenital heart disease in the past 
5 years is well illustrated in the treatment 
of the group of lesions associated with in- 
complete development of the endocardial 
cushions. Whereas at the beginning of this 
period surgeons regarded them as hopelessly 
complex conditions, we now welcome the 
opportunity to restore these patients to a nor- 
mal state of health. This is the result not 
only of the perfection of cardiopulmonary 
bypass, but also of a more accurate knowl- 
edge of the basic deficiency and the develop- 
ment of surgical techniques which provide 
complete repair while avoiding certain 
serious hazards. With these points in mind 
we have reviewed the case records of the 
15 patients with this abnormality who have 
been treated surgically by our group. 


CLASSIFICATION 


At the fifth week of intrauterine life the 
heart consists of 2 chambers separated by 
a constriction or waist. A week later these 
chambers start to divide into right and left 
halves due to the development of the in- 
teratrial and interventricular septa. At the 
same time, in the region of the waist of the 
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diagnosis and technique 


of surgical repair 


heart, 2 swellings develop, 1 on the dorsal 
and 1 on the ventral aspect. These are the 
endocardial cushions. They gradually fuse 
with each other, with the lower margin of 
the interatrial septum primum above and the 
muscular edge of the interventricular septum 
below. In all probability they contribute to 
these septa. As a result there is a complete 
division of the atrioventricular canal. The 
posterior halves of the septal leaflets of both 
the mitral and tricuspid valves develop as 
a common posterior leaflet from the dorsal 
cushion which fuses with a common anterior 
leaflet derived from the ventral cushion. 
In the event that these cushions do not 
complete their development, 4 abnormal- 
ities may result. (1) There may be a de- 
ficiency of the atrial septum, with the septal 
leaflets of the mitral and tricuspid valves 
forming the lower margin. This is the sep- 
tum primum variety of interatrial septal 
defect. (2) The anterior and posterior por- 
tions of the septal leaflet of the mitral valve 
may fail to unite. (3) The anterior and pos- 
terior portions of the septal leaflet of the 
tricuspid valve may fail to unite. When this 
is seen in combination with a cleft in the 
corresponding leaflet of the mitral valve, 
the two clefts are continuous over the top 
of the interventricular septum. (4) There 
may be a deficiency of the interventricular 
septum immediately below the valve, usually 








70 Gerbode, Johnston, Robinson, Harkins, and Osborn 


Table I. Classification of defect — 








No. 
Partial atrioventricular canal 
Atrial septal defect 1 
Atrial septal defect and partial cleft 
mitral valve 9 
Atrial septal defect and complete cleft 
mitral valve 2 
Atrial septal defect, ventricular septal 
defect, and complete cleft mitral valve 1 
Atrial septal defect, ventricular septal 
defect, and normal valves 1 
Atrial septal defect and complete cleft, 
both valves 4 
Complete atrioventricular canal 
Atrial septal defect, ventricular septal 
defect, and complete cleft both valves 4 





involving the membranous portion of that 
septum. 

In theory, all or any combination of these 
abnormalities may exist in the same patient. 
Kiely* points out that there are 14 possible 
combinations, and indeed the majority of 
these have been described. Both Wakai® and 
Campbell’ apply the term “complete atrio- 
ventricular canal” to the condition in which 
all 4 abnormalities are present. All other 
varieties are classified together as forms of 
partial atrioventricular canal. Figs. 1 and 2 
illustrate the appearance in some of these 
varieties. 

Table I shows the different varieties en- 
countered in the present series. 

The patient with an atrial septal defect 
alone had a complete absence of the septum. 
This is a true septum primum defect and is 
less common than might be imagined. In- 
deed, in the 54 patients reported by Mc- 
Goon‘ there was no instance of an isolated 
septum primum defect. 

In one patient with an atrial septal defect 
and a cleft of the mitral valve, the 2 com- 
ponents of the valve fused at the tip. The 
largest ventricular septal defect was 1.5 cm. 
in diameter. 


CLINICAL FEATURES 
9 


The age of the patients ranged from 2 
to 44 years. There were 6 males and 9 
females. It is of some interest that none of 
the patients had associated mongolism. 
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Symptoms. Three patients were in severe 
cardiac failure at the time of operation, and 
5 others had been in cardiac failure in the 
past. Four patients had had repeated epi- 
sodes of pneumonia, while 3 patients had 
apparently suffered from rheumatic fever 
in the past. Table II indicates the degree 
of disability suffered by these patients at 
the time the operation was performed. 





Fig. 1. Partial atrioventricular canal with atrial 
septal defect and complete cleft of both mitral 


and tricuspid valves. 





Fig. 2. Complete atrioventricular canal with atrial 
septal defect, complete cleft of tricuspid and 
mitral valves, and ventricular septal defect. 
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nary vascularity. 


Fig. 3. Posteroanterior and lateral roentgenograms of patient with complete atrioventricular 
canal which show enlarged left atrium with dilated pulmonary artery and increased pulmo- 
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Fig. 4. Right and left antero-oblique roentgenograms of the same patient as in Fig. 3 which 


Physical examination. With one exception, 
every patient showed a right ventricular 
heave, while in only 2 instances was a thrill 
palpated. The pulmonic second sound was 
widely split in every patient, and all had 
a harsh grade 3 to 4 systolic murmur max- 
imal in the third or fourth intercostal space 
to the left of the sternum. In 9 patients a 
diastolic murmur was present over the apex, 
and 5 had a distinct systolic murmur in this 
region which was different from the systolic 
murmur described above. 

Roentgenograms. Fluoroscopy and roent- 
genographic examination of the heart showed 
that there was some degree of right ventric- 
ular enlargement and increased pulmonary 
plethora in every patient. In addition, 13 
patients showed left ventricular enlarge- 
ment, and in 8 patients the esophagus was 
displaced posteriorly which indicated left 
atrial enlargement (Figs. 3 and 4). 

Electrocardiograms. Table III lists the 
more common changes which were noted in 
the electrocardiographic pattern. 

The outstanding electrocardiographic ab- 
normality was the combination of left axis 
deviation and right ventricular hypertrophy. 
This was seen in 12 of the patients. The 
other common finding was a prolongation 
of the P-R interval (Fig. 5). 

Catheterization. All the patients underwent 
right heart catheterization. In every instance 
there was a step-up in oxygen content of at 


show right and left ventricular enlargement. 













least 1 vol. per cent in the right atrium. 
Only 1 patient showed a significant further 
rise in the oxygen content of right ven- 
tricle. There was elevation of the pulmonary 
artery pressure in 9 patients, severe (over 
50 mm. Hg systolic) in 5, and moderate 
(over 40 mm. Hg systolic) in 4. There ap- 
peared to be no relation between the degree 
of hypertension and the subsequent demon- 
stration of an interventricular septal defect. 


SURGICAL REPAIR 


The satisfactory surgical correction of en- 
docardial cushion defects demands that the 


Table II. Degree of disability at time of 
operation 








No. 
Severe 4 
Moderate 3 
Mild 1 
None | 





Table III. Electrocardiogram interpretation 








No. 

Left axis deviation and right ventricular 
hypertrophy pattern 12 

Right axis deviation and right ventricular 
hypertrophy pattern 1 
Left axis deviation only 2 

In addition there was a prolonged P-R 
interval above normal 8 
Complete heart block 1 
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Fig. 5. Electrocardiogram of patient with complete 
atrioventricular canal which shows characteristic 
left axis deviation and right ventricular hyper- 
trophy pattern. Right bundle branch block is also 
present. 


surgeon be thoroughly familiar with the 
variety of conditions which he may en- 
counter. In retrospect, the early failures 
stem from 2 main causes. In the first place, 
an important lesion such as a cleft mitral 
valve would not be recognized and was there- 
fore not corrected. Second, there was little 
accurate knowledge of the precise location 
of the conduction mechanism and the pro- 
duction of complete heart block was a great 
hazard. It is believed that these unfortunate 
early experiences have been beneficial and a 
technique of repair which is much more 
satisfactory has been evolved. 

Some form of cardiopulmonary bypass 
has been used for all of the operations. With 
the last 6 patients this has been accomplished 
by means of a disc oxygenator developed 
in this laboratory. It has the merit of pro- 
viding high flow rates without the danger 
of foaming. There is no need, therefore, to 
add antifoam, which in itself may be lethal. 
Furthermore, by virtue of its design, the 
entire oxygenator serves as a heat exchanger. 
It is now the practice to cool the patients 
to 29 to 31° C. This allows a lowered flow 
rate, and thereby decreases the blood dam- 
age through the coronary suckers. Tempera- 
tures above 29° C. are chosen in order to 
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avoid ventricular fibrillation. ‘This is of in.- 
portance in monitoring possible developme: 
of heart block as sutures are placed. 

The median sternotomy approach is used’ 
and separate insertion of the caval catheters 
gives better access to the defect. A generous 
incision is made in the right atrium between 
the orifices of the venae cavae. The anatomy 
of the defect is carefully assessed by exam- 
ination of the atrial defect, mitral valve, 
tricuspid valve, and interventricular septum, 
in that order. When all 4 abnormalities are 
found to be present the cleft in the mitral 
valve is repaired first. A small nodular thick- 
ening is found at the tip of both leaflets 
forming the cleft, and the initial suture is 
placed so as to draw the leaflets together 
at these points. Thereafter, one inserts serial 
interrupted sutures, working toward the base 
of the leaflet, until the cleft is completely 
closed. Inasmuch as there has been one in- 
stance of perforation or second cleft in the 
substance of the septal leaflet, we routinely 
make a separate search for this after the 
repair. The interventricular defect is then 
closed with interrupted sutures. After this, 
the interatrial defect is covered with a patch 
of crimped Dacron. A continuous suture is 
started near the inferior vena cava. It is 
then carried anteriorly in such a manner 
that the patch is attached not to the top of 
the interventricular septum, but rather a few 
millimeters to the right side of the septum 


Lateral view into right atrium 


Fig. 6. Artist’s impression of the appearance as 
seen from the right atrium after repair of the 
cleft in the anterior leaflet of the mitral valve. 
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Prosthesis 
closing atmal septal 
defect 


Fig. 7. The cleft in the mitral valve has been repaired and a prosthesis is being inserted to 
close the atrial septal defect. The stitches are inserted superficially and on the tricuspid side 


of the interventricular septum. 


Fig. 8. The second stage has been completed with the insertion of the prosthesis in the atrial 


septal defect. 


in the region of the attachment of the septal 
leaflet of the tricuspid. This suture is in- 
serted superficially. It is our opinion that 
these two maneuvers have been of primary 
importance in the avoidance of heart block. 
The patch is then sewn to the free edge of 
the defect. Several interrupted sutures are 
inserted for reinforcement. Finally, the cleft 
in the septal leaflet of the tricuspid valve is 
repaired in a manner similar to that used for 
the mitral valve. These steps are illustrated 
in Figs. 6 through 9. 

With the atrium closed and the patient 
rewarmed to 37° C., bypass is gradually 
discontinued. Direct auscultation is then 
performed and finally right and left atrial 
pressures are measured as a further test of 
the competency of the valves. 


RESULTS OF OPERATION 


Four patients died after operation while 
still in the hospital and there was 1 late 
death (Table IV). These cases merit further 
discussion. One patient, a 3-year-old-girl in 
intractable heart failure, was found to have 
an atrial defect with a cleft mitral valve. 
In closure of the septal defect the sutures 
were inserted near the mitral side. Complete 


heart block resulted and the patient died 
12 hours postoperatively. 

Another patient, a 2-year-old girl who 
had been in heart failure since the first 
month of life, went into cardiac arrest during 
induction of anesthesia. After resuscitation 
it was decided to repair the complete atrio- 
ventricular canal, which was satisfactorily 
accomplished but the patient did not regain 
consciousness. 


Fig. 9. This drawing illustrates the final stage, 
that is, repair of the cleft in the tricuspid valve. 
Prosthesis is in place. 





Table 1V. Results of operation 








| Early | Late 
Total 








Death | Death 

Partial atrioventricular 

canal 11 3 1 
Complete atrioventricular 

canal a 1 0 
Total 15 4 1 
Patients operated on 

since January, 1959 9 1 0 





A third patient, a man of 29 who was 
also in heart failure, was found to have a 
septum primum defect and, in addition, a 
cleft mitral valve, which was not recognized 
at operation. Furthermore, the patch was 
attached to the top of the interventricular 
septum between the valves and he developed 
heart block with progressive cardiac failure 
which caused his death a week later. 

In a fourth patient, a boy aged 4, an atrial 
and ventricular septal defect were satis- 
factorily repaired but a cleft mitral valve 
was not recognized. After a further opera- 
tion to repair this valve the patient died of 
respiratory failure. 

The fifth patient, a woman of 20, died 
suddenly 8 months after satisfactory repair 
of an endocardial cushion defect in which 
there was complete absence of the atrial 
septum associated with a small ventricular 
septal defect. Autopsy was not performed. 

Since January, 1959, 9 patients have been 
treated by the technique described above. 
The 1 death in this group occurred in the 
patient who had cardiac arrest during in- 
duction of the anesthetic. Furthermore, al- 
though 2 patients developed temporary heart 
block postoperatively, there has been no in- 
stance of permanent heart block. Ten pa- 
tients are alive and well after operation. 
Most of them have a grade | to 2 systolic 
murmur at the left sternal border. Two have 
an apical systolic murmur but are well. 


COMMENT 


The improvement in the results of the 
surgical treatment of endocardial cushion 
defects has come about because of a better 
understanding of the anatomic nature of 
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these lesions. Kiely* mentions 10 distinctiy 
features which may be present in this cond 
tion but are absent in the secundum type 
of atrial septal defect, interventricular defect, 
and the Lutembacher syndrome. The ex- 
perience we have gathered from our cases 
supports his thesis. Many of the patients 
have severe symptoms at an early age. The 
parasternal systolic murmur resembles that 
heard in interventricular septal defects but, 
in addition, 5 patients in our group had an 
apical systolic murmur similar to that heard 
in mitral insufficiency due to rheumatic 
heart disease. Nine of the 15 patients had 
an apical mid-diastolic murmur similar to 
that heard in secundum defects. The radio- 
logic picture of right ventricular hyper- 
trophy combined with pulmonary plethora 
is seen in abnormalities of the heart with a 
left-to-right shunt. But 13 patients of this 
series showed left ventricular hypertrophy 
in addition and 8 had evidence of left atrial 
enlargement. The electrocardiogram is even 
more helpful. The combination of left axis 
deviation and right ventricular hypertrophy 
was present in 12 instances. This is an ex- 
tremely rare combination in any condition 
other than endocardial cushion defect. Car- 
diac catheterization is less helpful. It was 
rare to find a second rise in oxygen con- 
tent in the right ventricle where a ventricu- 
lar septal defect was later found to be 
present. The evidence from catheterization 
tended to suggest an atrial septal defect 
alone, since the only unusual finding was 
the high frequency of severe pulmonary hy- 
pertension. In summary, therefore, the diag- 
nosis of endocardial cushion defect should 
be strongly suspected in a patient with a 
harsh parasternal systolic murmur and an 
apical systolic murmur, whose roentgeno- 
grams show left ventricular hypertrophy and 
possibly left atrial enlargement and whose 
electrocardiogram shows left axis deviation 
in the presence of the right ventricular hy- 
pertrophy pattern. 

With the diagnosis established, it is the 
surgeon’s role to identify all the components 
of the condition which are present in the 
individual case and to completely correct 
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each of these components. It is believed that 
the improved results in the past year are 
directly related to the development of a 
definite and orderly procedure in which care 
is taken to avoid encroachment on the area 
believed to contain the conduction mechanism. 


SUMMARY 


1. The clinical features and the results of 
surgical treatment of 15 cases of endocardial 
cushion defect are presented. 

2. A description is given of a surgical 
technique which has been evolved for the 
treatment of these patients. Since the adop- 
tion of this method, 9 patients have been 
operated on with 1 death and there has been 
no instance of permanent complete heart 


block. 
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DISCUSSION 


Dr. Paul W. Sanger. I enjoyed the paper by 
Dr. Gerbode and his associates. Our group in 
Charlotte has had the pleasure of operating upon 
4 children with a special type of cushion defect, 
described by Dr. Gerbode as left ventricular—right 
atrial shunt. And when I say “pleasure,” I really 
mean it because the closure of this type defect is 
quite simple. 

The diagnosis of this disease, however, is not 
simple. The catheterization findings may closely 
simulate those of other anomalies. Comparing the 
hemodynamic findings with the findings at opera- 
tion, we discovered a definite pattern in the blood 
oxygen saturations which we think is character- 
istic of this disease. On the slide you see the 
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peak oxygen content found in the right atrial 
and ventricular blood in 55 patients operated upon 
for cardiac septal defects with left-to-right shunts. 

In the simple secundum atrial defects, the 
oxygen content naturally was found to be elevated 
in the right atrium, somewhat higher than at the 
ventricular level. In ventricular defects, the atrial 
oxygen content was equal to or somewhat below the 
caval level but sharply increased in the right ven- 
tricle. In ostium primum the atrial oxygen level is 
usually very high, and there is a further significant 
increase in the right ventricle. In combined atrial 
and ventricular defects, the atrial oxygen content 
is usually elevated but the main shunt is at the 
ventricular level. In left ventricular—right atrial 
cushion shunts, the main shunt is usually at the 
atrial level, and there is a second moderate 
increase in the oxygen content of the right ven- 
tricle. 

Cushion defects, which are often well hidden 
in the tricuspid valvular apparatus, can easily 
be found by a simple technical maneuver. Indigo 
carmine is injected through the left auricular 
decompression catheter or directly through the 
atrial septum into the left side of the heart. The 
appearance of the dye in the defect makes the 
localization of this well-hidden orifice simple. 
This technique is also helpful in ruling out mul- 
tiple septal defects. 

Dr. Harris B. Shumacker, Jr. Dr. Gerbode and 
his associates are certainly to be congratulated 
upon the fine results they have obtained with a 
group of difficult cases. I would like to speak about 
the simplest of the defects included in his survey, 
namely, the septum primum defect. We have 
repaired 13 such defects. Twelve of the patients 
had associated cleft mitral valves. One was un- 
usual in that there was a very large secundum 
type of defect and only a small slitlike primum 
defect. The leaflet of the mitral valve was cleft. 
It was relatively easy to repair the cleft valve 
through the large secundum defect and then both 
defects were repaired. We have had no hospital 
deaths in this group of patients. One young girl, 
however, who made an uneventful convalescence 
and had no postoperative rhythm disturbance, 
suddenly developed Stokes-Adams syndrome about 
4 months later and was readmitted with a complete 
heart block. She did well on Isuprel for awhile 
but, unfortunately, approximately 6 months after 
operation died as a result of her block. The 
postmortem examination was interesting with re- 
spect to the completeness of healing. The patch 
which had been used to close the defect was well 
endothelialized. It was particularly gratifying to 
find that the cleft in the mitral valve had healed 
so well that one could hardly find the sutures 
which had been used to repair it. Why the late 
development of atrioventricular block occurred, 
I do not know. 
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Dr. Julian Johnson. Mr. Chairman, I would like 
to congratulate Dr. Gerbode on his splendid 
presentation and also the excellent results which 
he has obtained in the closure of the endocardial 
cushion defects with use of cardiopulmonary 
bypass. I rise only to point out that this operation 
does not have to be carried out with a sternum- 
splitting incision. We have become so accustomed 
to using the sternum-splitting incision, as have 
many others, in the repair of ventricular septal 
defects that it might be easy to forget that the 
atrial septal defects, including the septum primum 
type, can be corrected quite satisfactorily and, 
I think, more easily by means of a simple right 
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thoracotomy incision in the fourth intercost: 
space. It seems to me that a right thoracotom 
is a good bit easier on the patient and at lea 
appears to me to give better exposure of th 
defect. It is my custom to have the patient lyin 
on the left side almost straight up and down, so 
that the left side of the heart may be allowed 
to remain filled with blood perhaps more easily 
than when the patient is lying flat on his back. 
I am sure that either exposure is satisfactory. 
Of course, one would want to avoid the right-side 
approach unless he could be reasonably sure that 
he did not have to deal with a ventricular septal 
defect as well. 
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FE... which influence the pulmonary 


diffusing capacity have been the subject of 
considerable interest. Although the effects on 
diffusion of ventilatory factors’ *® ** and 
chemical reactions in the blood" have long 
been appreciated, only recently has attention 
been directed to the interrelationships of 
pulmonary blood flow and resistance to dif- 
fusion. McIlroy and Apthorp® noted consid- 
erable variation in the effect of pulmonary 
hypertension on diffusing capacity. Auchin- 
closs, Gilbert, and Eich’ reported elevated 
pulmonary diffusing capacities in patients 
with left-to-right shunts in the presence of 
normal or slightly elevated pulmonary artery 
pressures. Schramel and associates'* observed, 
in patients with left-to-right shunts, elevated 
preoperative levels of the diffusing capacity 
which returned to normal after surgical 
closure of the shunts. Recently Turino, 
Brandfonbrener, and Fishman,** in studies 
on control subjects and patients with mitral 
stenosis, found slight relationship between 
pulmonary blood flow and diffusing capacity. 

The complicating factors of anesthesia, 
thoracotomy, extracorporeal circulation, and 
cardiac operation incident to closure of many 
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and hemodynamics in 
experimental left-to- 
right shunts of 


alterable low 


left-to-right shunts make studies on patients 
particularly difficult to evaluate. For this 
reason an experimental preparation was de- 
vised which permitted studies on the inter- 
relationships of pulmonary blood flow and 
diffusing capacity in dogs with left-to-right 
shunts which could be opened and closed 
instantaneously without thoracotomy. 


MATERIAL AND METHODS 


Adult mongrel dogs, 16 to 22 kilograms 
in weight, were anesthetized with pentobar- 
bital sodium administered intravenously in 
a dosage of 30 mg. per kilogram. Through 
a left thoracotomy the subclavian artery was 
divided at the apex of the thorax and an 
anastomosis was performed between the end 
of the subclavian artery and the side of the 
left pulmonary artery at its origin. A Jacob- 
sen cuff® was placed around the subclavian 
artery and the self-sealing reservoir, through 
which the degree of inflation of the cuff may 
be controlled, was placed in the subcuta- 
neous tissues of the back (Fig. 1). Post- 
operative medication consisted of penicillin, 
streptomycin, and digitalis. 

After a variable period of convalescence, 
the animals were subjected to a series of 
studies with the shunt opened and closed. 
Under continuous intravenous pentobarbital 
anesthesia a cuffed endotracheal tube was 
passed and a Cournand needle inserted into 
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Fig. 1. Drawing of the operative field which 
demonstrates left subclavian-pulmonary artery 
anastomosis, with inflatable Jacobsen cuff around 
subclavian artery. The self-sealing reservoir is 
placed in the subcutaneous tissues of the back. 
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Fig. 3. Graph which shows the relationship be- 
tween pulmonary diffusing capacity and alveolar 
ventilation in the presence of relatively constant 
pulmonary blood flow. 


a femoral artery. Two cardiac catheters 
were introduced, one into the right ventricle 
and one into the left or right pulmonary 
artery. Pressure tracings were obtained from 
the pulmonary wedge, pulmonary artery, and 
right ventricle. The pulmonary artery cath- 
eter was withdrawn from the wedge to a 
point two-thirds of the distance from the 
shunt to the wedge. Blood samples for oxy- 
gen content were withdrawn from the right 
ventricle, pulmonary artery, and femoral 
artery for calculation of total pulmonary 
blood flow, right ventricular output, and 
volume of left-to-right shunt. Simultaneous 
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Fig. 2. Graph which shows the relationship be- 
tween pulmonary diffusing capacity and _ pul- 
monary blood flow in the presence of relatively 
constant alveolar ventilation. 
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Fig. 4. Graph which illustrates the relationship 
between pulmonary blood flow and total pulmo- 
nary resistance. Moderate to marked changes in 
pulmonary flow are associated with alterations in 
total pulmonary resistance. 













carbon monoxide diffusing capacities were 
determined according to the steady-state 
technique of Filley, MacIntosh, and Wright.* 
Carbon dioxide tension was calculated after 
determination of the pH, hematocrit, and 
carbon dioxide content of arterial blood. 
In most instances 4 series of studies were 
performed in each animal, 2 with the shunt 
opened and 2 with the shunt closed. 


RESULTS 

Data from 55 studies in 16 animals were 
found suitable for interpretation. These data 
are shown in condensed tables and graphs 
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(Tables I-IV and Figs. 2-4). Complete data 
of the studies are listed in tabular form 
(Tables V and VI). 

In 22 series of studies in 7 animals, in- 
creases in total pulmonary blood flow up to 
approximately 600 per cent of systemic 
venous return were observed upon opening 
of the shunt. Pulmonary artery pressure 
showed slight change, and pulmonary vas- 
cular resistance decreased. With the shunt 
opened, significant increases in pulmonary 
diffusing capacity were observed in 6 of the 
7 animals in the presence of relatively con- 
stant alveolar ventilation (Table I and Fig. 
2). For example, Dog 1 showed a 600 per 
cent increase in total pulmonary blood flow 
upon opening of the shunt and diffusing 
capacity increased from 1.8 to 15. In another 
study, Dog 11 had a 350 per cent increase in 
total pulmonary blood flow with an increase 
in diffusing capacity from 5.4 to 41.3. 
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In animals with smaller shunts, effects on 
diffusing capacity were less pronounced 
(Table II). In a series of 26 studies in 7 
dogs with relatively constant alveolar ven- 
tilation and left-to-right shunts of less than 
150 per cent of systemic venous return, no 
significant change in diffusing capacity was 
noted. In a series of 8 studies on 3 dogs 
with relatively constant pulmonary blood 
flow, significant increases in diffusing capac- 
ity were noted with increased alveolar ven- 
tilation (Fig. 3 and Table IIT). 

Marked increases in total pulmonary blood 
flow were not associated with significant 
changes in pressure in the pulmonary wedge 
or pulmonary artery (Fig. 4). Concurrent 
fall in total pulmonary resistance was ob- 
served with increases in pulmonary blood 
flow (Table IV). 

Data obtained in the entire series of 
studies are given in Tables V and VI. 


Table I. Values in selected studies of animals with relatively constant alveolar 


ventilation and large variations in total pulmonary blood flow 





TPBF 
(ml./min.) 





D Ly 0 


(ml./min./ 
mm. Hg) 


Left-to-right Alveolar 
shunt ventilation 


(ml./min.) (ml./min.) 





5,800 
770 
962 


2,300 
1,254 
1,510 


3,718 
2,632 


2,965 
2,866 
3,265 
5,900 


8,947 
2,043 
2,683 


14,375 
4,014 
4,657 


6,890 
7,048 
6,190 
8,500 


nNo— 
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4,800 945 
170 884 
201 884 


1,042 1,226 
1,015 
1,199 


3,564 
4,019 


2,537 
2,848 
2,808 
2,117 


2,888 
2,627 
3,443 


3,250 
3,424 
4,189 


1,275 
1,348 
1,548 
1,456 





!'PBF—Total pulmonary blood flow. 


Lg—Carbon monoxide pulmonary diffusing capacity. 
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Table IJ. Values in selected studies of animals with relatively constant alveola 


ventilation and slight variations in total pulmonary blood flow 























| | | Left-to-right Alveolar | D.., 
TPBF shunt ventilation | (ml./min./ 
Study (ml./min.) | (ml./min.) (ml./min.) | mm. Hg) 
Dog 2B 1 2,133 0 1,463 4.7 
2 2,014 0 1,376 $3.7 
3 2,630 0 1,480 3.3 
t 1,980 1,429 1.3 











Dog 4 I 2,965 0 1,375 2.2 
2 2,866 0 1,194 1.2 
3 2,028 294 1,295 2.3 
4 3,150 1,380 1.8 



















1 2,750 1,134 4.2 
2 3,182 1,286 1,536 3.3 
3 3,250 0 1,710 3.2 
















4,126 2,372 

2 4,500 1,900 1,998 4.9 
3 4,315 2,185 2,070 3.4 
4 3,770 2,109 













I 2,478 251 2,868 7.2 
2 3,021 680 2,883 6.2 
3 2,292 0 2,625 4.5 
4 2,840 0 2,464 4.0 


















1 3,567 2,150 5! 
2 3,325 1,602 2,310 4.7 
3 4,368 2,136 2,100 3.0 
4 4,449 2,135 9 






Dog 1,978 














1 2 . 
2 2.173 0 2,240 3.0 
3 1,977 0 1,638 2.3 
TPBF—Total pulmonary blood flow. 
Di,.,—Carbon monoxide pulmonary diffusing capacity. 





Table III. Values in selected studies of animals with relatively constant total 
pulmonary blood flow and varying alveolar ventilation 



























| Left-to-right Alveolar D..,, 

TPBF shunt ventilation (ml./min./ 

Study (ml./min.) (ml./min.) (ml./min.) mm. Hg) 
Dog 2A 1 2,300 1,042 1,226 18.7 
1,771 1,049 657 7.1 















Dog 5 1 2,790 572 3,258 7.3 
2 2,638 795 2,850 6.1 
3 2,822 740 1,216 1.8 
Dog 6 1 3,533 0 4,290 2.8 
2 4,161 0 2,678 1.4 
3 4,652 0 2,700 1.3 





TPBF—Total pulmonary blood flow. 


D.,,,—Carbon monoxide pulmonary diffusing capacity. 
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Table IV. Values in selected studies which demonstrate relationships of total 
pulmonary blood flow, left-to-right shunt, and pulmonary resistance 





| 
| TPBF 
(ml./min.) 


shunt MPAP TPRI 


Left-to-right 
(ml./min.) (mm. Hg) (dyne sec./cm.*) 








Dog 1 5,800 
866 


Dog 2A 2,300 
1,382 


Dog 3 3,718 
2,632 


Dog 8 5,900 
2.915 


Dog 9 8,947 
2,043 


14,375 
3,812 


Dog 11 


4,800 29 550 
185 30 2,500 


1,042 18 944 
0 15 693 


1,251 19 397 
0 608 


0 24 440 
0 1,160 


6,917 150 
0 412 


9,177 103 
562 278 





TPBF—Total pulmonary blood flow. 
MPAP—Mean pulmonary arterial pressure. 
TPRI—Total pulmonary resistance index. 


COMMENT 


These studies suggest that acute alterations 
of pulmonary blood flow in the presence of 
constant alveolar ventilation may be associ- 
ated with significant changes in pulmonary 
diffusing capacity. The exact mechanism 
involved has not been clearly defined. The 
factors usually considered in the determina- 
tion of diffusing capacity include (1) the 
total surface area of the pulmonary capillary 
bed, (2) the specific diffusivity of the tissues 
which make up the alveolar capillary mem- 
brane, (3) the solubility of carbon monoxide 
in the membrane, (4) the thickness of the 
membrane, and (5) the combined diffusion- 
reaction processes within the blood. In the 
absence of contrary information, it may be 
assumed, according to Forster,‘ that the 
specific diffusivity and solubility do not vary 
over a wide range. Whether the thickness 
of the alveolar capillary membrane is al- 
tered under the acute conditions of these 
studies is conjectural. The combined diffu- 
sion-reaction processes within the blood have 
not been evaluated in this study, and perhaps 
the circulation of large quantities of sys- 
te:aic arterial blood through the lungs might 
al'er these factors. 


The rate of blood flow through the lungs 
should be considered as a possible explana- 
tion for the concomitant increase in diffusing 
capacity and pulmonary blood flow observed 
in these studies. However, the partition co- 
efficient of carbon monoxide is so great be- 
tween air and blood that rate of blood flow 
is believed to have no appreciable effect on 
amount of gas transferred, according to 
Forbes, Sargent, and Roughton* and Hatch.° 

The remaining factor to be considered 
as an explanation for the findings presented 
here is alteration of the total surface area 
of the alveolar capillary interface. While 
an increase in rate of pulmonary blood flow 
accompanied the large left-to-right shunts 
observed in these studies, it seems likely that 
pulmonary capillary blood volume also was 
augmented, although this was not measured. 

Although the evidence for increased pul- 
monary capillary blood volume in_ these 
studies is only inferential, this interpretation 
best explains the lack of correlation between 
diffusing capacity and pulmonary blood flow 
in the presence of small shunts in which the 
change in surface area of the alveolar capil- 
lary interface may be slight. In the presence 
of large shunts, and presumably increased 
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Table V. Values obtained in entire series of studies 


January, 196 











| | | | | | ee a 
| | | | | | 
Weight |Days post- | Vr Vo, Veco, | Vn 
(Kg.) | operative | Study | F | (ml.) (ml./min.)|(ml./min.)} R. QO. (nl.) ly 
Dog 1 18 14 1 30 138 va 48 .66 106 
2 35.5 101 40 36 75 76 
3 35.5 117 48 42 .88 84 
Dog 2A 18 14 l 27 171 91 74 8] 125 
2 29 90 48 38 19 67 
3 21.5 147 66 56 85 100 
4 23.5 171 79 67 85 120 
Dog 2B 18 21 1 19.5 183 96 73 76 108 
2 19 165 82 69 84 93 
3 20 175 87 74 85 id] ; 
4 21.5 179 87 71 82 113 
Dog 3 18 23 1 22 498 187 141 78 336 
2 23.5 529 190 160 85 358 
Dog 4 16 10 ] ao 164 84 73 .87 109 
2 38.5 127 66 61 .92 96 
3 5 145 86 69 .80 110 ! 
4 34.5 141 84 76 .90 101 4 
Dog 5 18 14 1 18 321 173 166 .96 140 § 
2 19 290 153 145 95 140 3 
3 19 223 127 88 69 159 
Dog 6 17 10 ] 22 269 106 88 oe 174 4 
2 23.5 278 114 96 .84 173 4 
3 27 252 107 93 .87 152 4 
Dog 8 18 1 ] 29.5 227 32 95 85 141 4 
2 32 227 119 104 .87 138 4 
3 20.5 280 111 104 .94 143 3 
4 29 210 95 87 92 137 4 
Dog 9 18 1 1 38 210 136 129 95 13 4 
2 37 168 94 100 1.10 97 3 
3 40.5 Ze3 139 136 .98 140 4 
Dog 10 18 5 1 27 75 88 56 64 33 * 
2 32 78 84 70 83 30 mn 
3 30 95 104 84 81 38 eZ 
Dog 11 20 8 l 26 209 168 9? 50 104 3 
2 25.5 185 118 120 1.02 50 0 
3 24.5 227 145 148 1.01 56 0 
Dog 12 18 49 1 25.5 230 85 92 1.09 137 4 
2 18.6 262 88 79 89 154 4 
3 18 274 72 79 1.09 159 4 
4 19.5 279 80 88 1.10 165 4 
Dog 13 18 3 1 37.5 163 113 99 88 129 3 
2 38.5 166 117 110 .94 131 a 
3 36 196 1i7 130 1.10 153 5 
4 20.5 196 115 120 1.04 155 5¢ 
Dog 16 18 7 | 15.5 370 141 115 .82 185 3 
2 55 375 142 115 81 189 3 
3 14.5 355 127 108 85 174 4 
4 14 360 132 102 one 184 3 
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Veo 


Vo/Vr (ml./min.) 





Fa, 
(10°%) 


Paco 


Paco, 


TPBF 


RVO 


Left-to- 
right 
shunt 


Va 


D.,, 
(ml./min./ 


(mm. Hg) |(mm. Hg) |\(ml./min.) |(ml./min.) | (ml./min.) | (ml./min.)| mm. Hg) 





851 
528 
.613 


1.087 
51 
.613 
.763 


1.007 
859 
929 
993 


2.408 
2.293 


751 
528 
.759 
.689 


2.035 
1.757 
.675 


1.090 
771 
.740 


.617 
.488 
894 
1.098 


1.387 
1.075 
1.285 


.698 
794 
.848 


2.100 
1.578 
1.775 


1.350 
1.093 

.976 
1.030 


.869 
857 
942 
1.049 


1.692 
1.618 
1.342 
1.243 


.095 
.403 
.490 


.082 
137 
414 
392 


325 
.397 
397 
316 


331 
449 


474 
997 
.469 
931 


385 
| 
503 


935 
.786 
802 


.659 
.746 
61 
316 


.370 
452 
.500 


.236 
333 
367 


402 


.068 
.286 
348 


.059 
.098 
295 
aie 


.233 
.285 
285 
.227 


.235 
356 


340 
429 
337 
381 


.280 
.287 
.365 


387 
567 
579 


462 
923 
394 
.222 


.264 
Jao 
357 


.168 
.237 
.262 


051 
292 
i ve 4 


.197 
.224 
.283 
.289 


112 
152 
.174 
.077 


.236 
261 
301 
.312 


43.5 


5,800 
770 
962 


2,300 
1,771 
1,254 
1,510 


2,133 
2,014 
2,630 
1,980 


3,718 
2,632 


2,965 
2,866 
2,028 
3.150 


2,790 
2,638 
2,822 


3,533 
4,161 
4,652 


2,965 
2,866 
3,265 
5,900 


8,947 
2,043 
2,683 


2,750 
3,182 
3,250 


14,375 
4,014 
4,657 


4,126 
4,500 
4,315 
3,770 


6,890 
7,048 
6,190 
8,500 


2,478 
3,021 
2,292 
2,840 


1,000 
600 
761 


1,258 

722 
1,254 
1,510 


4,800 
170 
201 


1,042 
1,049 


945 
884 
884 


1,226 

657 
1,015 
1,199 


1,463 
1,376 
1,480 
1,429 


3,564 
4,019 


1,375 
1,194 
1,295 
1,380 


3,258 
2,850 
1,216 


4,290 
2,678 
2,700 


2,937 
2,848 
2,808 
2,117 


2,888 
2,627 
3,443 


1,134 
1,536 
1,710 


3,250 
3,424 
4,189 


2,372 
1,998 
2,070 
2,109 


1,275 
1,348 
1,548 
1,456 


2,868 
2,883 
2,625 
2,464 


15.0 
1.8 
1.8 


18.7 
7.1 
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Table V. Cont’d 


Surge) 
January, 19¢ 














| | | | 
Weight Days post- | Vr Vo, V co, Vp 
(Kg.) operative | Study F (ml.) (ml. /min.) (ml. /min. )| R.Q. | (mi) 
Dog 17 17 8 l fd Be 213 122 94 .80 113 
2 22 228 128 102 80 123 
3 17.5 240 107 91 .90 120 
a 17.5 240 109 93 92 118 
Dog 18 20 25 1 rh 419 99 107 1.08 247 
2 14 444 33 126 LEZ 284 
3 13 372 101 100 99 246 
F—Frequency of respiration per minute. 
Vr—tTidal volume. STPD. 
Vo,—Oxygen consumption. STPD. 
Veco,—Carbon dioxide production. STPD. 


R.Q.—Respiratory quotient (Vco,/Vo,). 
Vp—Dead space. STPD. 
Vpv/Vr—Ratio of individual dead space (total dead space 


instrument dead space) to tidal volume. 


pulmonary capillary blood volume and ex- 
panded surface area of the alveolar capillary 
interface, significant increases in diffusing 
capacity were usually observed. 

This interpretation is consistent with pre- 
viously reported clinical studies by Auchin- 
closs, Gilbert, and Eich’ and by Schramel 
and associates.'* Both of these groups ob- 
served, in patients with left-to-right shunts, 
increased diffusing capacities which returned 
to normal after closure of the shunt. Auchin- 
closs and associates' observed a decreased 
diffusing capacity in one patient with a 
left-to-right shunt and marked pulmonary 
hypertension. Macllroy and Apthorp* re- 
ported studies in patients with intracardiac 
shunts and pulmonary hypertension. These 
patients, in whom the pulmonary blood flow 
was not increased, showed depressed pul- 
monary diffusion capacities. 

The findings and interpretations of the 
present study are not inconsistent with the 
extensive work of Turino and colleagues,*® 
who observed slight correlation between pul- 
monary blood flow and diffusing capacity 
in normal subjects and in patients with 
rheumatic heart disease at rest, with exercise, 
and during voluntary hyperpnea. The mag- 
nitude of change in pulmonary blood flow 


minus 


in their patients paralleled that observed in 
certain animals with small shunts in the 
present study. In this group of animals, pul- 
monary blood flow and diffusing capacity 
were not closely correlated. 

One apparently inconsistent finding in the 
present study warrants comment. Animals 
8 and 9 demonstrated marked increases in 
total pulmonary blood flow with slight in- 
creases in the diffusing capacity. Both of 
these animals were studied the day after 
thoracotomy, and the apparent lack of in- 
crease in diffusion capacity is interpreted as 
the result of postthoracotomy depression of 
diffusion.** 

Several animals demonstrated borderline 
pulmonary hypertension with the shunt 
closed, but pulmonary artery pressure did 
not increase further with the opening of the 
shunt. Pulmonary resistance was elevated in 
several animals in the absence of a left-to- 
right shunt and the resistance usually fell 
when the left-to-right shunt was opened. 


SUMMARY 


1. An experimental preparation was de- 
vised which permitted instantaneous altera- 
tions of left-to-right shunts without thora- 
cotomy. 
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Table VI. Cont’d 


Surger) 
January, 1961 





Days MPAP 
Weight| postop- (mm. 
(Kg.) | erative Hg) 


Left-to- 
right | 
TPBF shunt | Dico 
(ml./ (ml./ | (ml./ 
min.) min.) |mm. Hg) 





Dog 
1 


9 


= 


19 
15 


18 
14 


13 
14 


11 
10 


2,966 1,155 
3,250 =: 0 


14,375 9,177 
3812  3;: 562 


4,314 
159 3,770 


708 2,750 
369 2,566 


69 4,409 
55 3,446 


139 3,913 2,469 
40 2,075 2,075 





TPBF—Total pulmonary blood flow. 
RVO—Right ventricular output. 


MPAP—Mean pulmonary artery pressure. 
WP—Pulmonary wedge pressure. 


TPRI—Total pulmonary resistance index. Di,,,—Carbon monoxide pulmonary diffusing capacity. 


PAR—Pulmonary arteriolar resistance. 


2. 


600 


a 


Pulmonary blood flow increased up to 
per cent without significant elevations 
of pulmonary artery or wedge pressures. 


Pulmonary diffusing capacity, meas- 


ured by the carbon monoxide steady-state 
technique, was elevated in the presence of 
large left-to-right shunts. 
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Regulation of regional 


blood flow during 


extracorporeal perfusion 


egulatory mechanisms which govern 
regional blood flow either in the intact animal 
or during extracorporeal perfusion have not 
been well delineated.*? Many studies have 
been carried out, or are now in progress, 
regarding individual organ blood flow and 
factors which control it, but bloed flow to 
determinants 


may well involve 


those concerned with the indi- 


a region 
other than 
vidual organ components in that area. Al- 
though cardiac output or cardiac input may 
remain at a constant level in a given prepa- 
ration, this alone does not give information 
regarding local distribution of the circulating 
volume. Similarly, changes in circulating 
volume may not affect all regions or organs 
proportionately. When the effective circulat- 
ing volume remains constant, a decrease or 
increase in blood flow to one organ or region 
can only be accomplished by similar decrease 
or increase in flow to another part. This 
phenomenon has been termed “hemometak- 
inesia” by De Bakey and associates* in a 
discussion of peripheral vascular diseases, 
but as a general principle is applicable to 
the entire body. 

Extracorporeal perfusion provides a situa- 
tion uniquely different from that in the 
intact animal since cardiac output remains 
at a fixed quantity, a quantity that can be 
varied from small to large by adjustment 
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of the pump, regardless of whether vessels 
being perfused are constricted or dilated, 
whether arteriovenous shunts are open or 
closed, or whether one organ or region is 
being perfused at the expense of another. 
We must consider the perfused animal not 
as an inert vascular tree, but as a system 
of vascular units each with its own factors 
of control, perhaps reacting in a manner 
similar to that in the intact animal, or per- 
haps reacting in a response peculiar to 
extracorporeal perfusion, but without any 
resultant influence on cardiac output. 
Undoubtedly during extracorporeal per- 
fusion the factors of local and regional re- 
sistance are of great importance. These are 
determined not only by the state of the ar- 
teries, but also by the capillaries, the veins, 
and the presence of arteriovenous shunts. 
The significance of peripheral resistance 
during extracorporeal perfusion has been 
stressed recently by several workers” '* who 
have found that the total arteriovenous oxy- 
gen difference during perfusion varies di- 
rectly as the resistance.’ It has been esti- 
mated that between 55 and 60 per cent 
of the circulating volume is contained within 
the venous system.* Constriction or dilatation 
of such a large portion of vascular space 
or shifts from one region to another must 
be considered in attempts to understand 
distribution of the circulating volume.'? '° 
We have asked ourselves whether the cir- 
culating blood during extracorporeal per- 
fusion is distributed in a constant pattern 
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or whether with such variations as low and 
high flow rates, hypoxia, drugs, and so forth, 
a changing pattern is present, and if so what 
factors are responsible for it. An approach 
to this problem has been attempted by the 
measurement of the individual vena caval 
flow during extracorporeal perfusion under 
a variety of conditions. 


METHODS 


Adult dogs which weighed from 11.5 
to 19.5 kilograms were anesthetized with 
a 2.5 per cent solution of Pentothal So- 
dium given intravenously. An endotracheal 
tube was inserted and connected to an auto- 
matic ventilator. Right thoracotomy was 
performed with entrance to the right pleural 
cavity either through the bed of the sub- 
periosteally resected fifth rib or through the 
fifth intercostal space. Meticulous hemostasis 
was secured and a chest wall retractor in- 
serted. The azygos vein was ligated. Umbili- 


METERS 


Fig 1. The perfusion apparatus. 
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cal tapes were passed about the extraperi- 
cardial portions of the superior and inferior 
vena Cava. 

Anticoagulation was achieved by the ad- 
ministration of heparin, 1.5 to 2 mg. per 
kilogram. Both femoral arteries were exposed 
and cannulated. One cannula was attached 
to a manometer or pressure transducer for 
recording of blood pressure. The other 
femoral arterial cannula was attached to the 
arterial side of a Kay-Cross rotating disc 
oxygenator. Each vena cava was then can- 
nulated with a one-quarter inch internal 
diameter plastic tube, inserted through a 
single atriotomy. After the caval cannulae 
had been properly positioned, the umbilical 
tapes were tightened and the cannulae were 
connected to Y-tubes. One limb of the Y- 
tube was then connected to the ingress side 
of a Wilson rotameter while the other passed 
to another Y-tube on the other side of the 
flowmeter (Fig. 1). The egress tube from 
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the flowmeter was connected to the distal 
Y-tube. From the single branch of the Y- 
tube the connection passed to the venous 
reservoir of the oxygenator. 

Blood was oxygenated by the disc oxy- 
genator with 100 per cent oxygen as the 
perfusing gas and a disc speed of 120 r.p.m. 
The arterial tubing was passed through a 
Sigmamotor pump and to the femoral ar- 
terial cannula. The Sigmamotor pump pro- 
vided a constant flow and was calibrated 
upon completion of each experiment. Flow 
in the animals varied from 20 to 95 ml. per 
kilogram. At initiation of the experiment or 
when the effect of drugs was to be tested, 
the perfusion rate generally ranged between 
75 and 80 ml. per kilogram. Normothermic 
blood temperature was maintained by a 
thermostatically controlled heating coil ex- 
ternal to the glass cylinder in the Kay-Cross 
oxygenator. 

At various intervals recordings were made 
of the mean blood pressure, the arterial 
perfusion rate, venous return from both 
the superior and inferior vena _ cava, 
and the dog’s temperature. The elec- 
trocardiogram was recorded simultaneously 
with these measurements. In addition, the 
level of blood in the venous reservoir and 
the oxygenating cylinder was noted. Blood 
was added to the venous reservoir to main- 
tain a constant level since it was found that 
under varying conditions the animal’s vas- 
cular space would expand or contract. 
Appropriate notations were made regarding 
these changes. 

At the beginning of the experiment the 
apparatus was primed with freshly drawn 
heparinized blood (20 mg. of heparin per 
500 ml. of blood). The rotameters were in- 
serted in parallel so that when a reading 
was desired the caval blood was diverted 
to them by clamping off the bypass tubing. 
It was found that these meters offered some 
resistance to the flow of blood so that flow 
was not maintained constantly through them. 
Care was taken that the rotameters were 
kept at equal heights and essentially the 
same height for each experiment. The 
length of tubing between the individual 
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flowmeters and the animals was kept con- 
stant. Each rotameter was calibrated in ts 
original position upon completion of te 
experiment. Rotameters were of the same 
size and capacity. Numerous testings showed 
a linear response over the range of recorded 
values for these flowmeters. Previous deter- 
minations with the rotameters had shown 
a calibration constant within 5 per cent for 
a 6 to 8 hour period.’® In this flowmeter 
the position of the rotameter flow is de- 
tected electromagnetically and indicated on 
a microammeter. 


RESULTS 


After the preparation had been established 
so that the various parameters were sta- 
bilized, that is, the blood pressure was con- 
stant, blood was neither being lost nor 
gained by the heart-lung machine, and 
readings of the caval meters were fairly 
constant, data were collected by variations 
of (1) the pump output (this was changed 
from a low of 24 ml. per kilogram to a 
high of 97 ml. per kilogram), (2) the ad- 
ministration of Neo-Synephrine _ intrave- 
nously, (3) the administration of Arfonad 
intravenously, and (4) discontinuation of 
the oxygen supply to the oxygenator which 
produced hypoxia. 

Only one factor was changed in each 
animal to test adequately the response to 
this particular change. By this means a 
more suitable response was believed present 
than if the animal’s responses had been pre- 
viously affected by other agents. 

In twenty animals, when no technical or 
other difficulties were encountered, the per- 
centage superior vena caval flow varied from 
20 to 47 per cent of total venous return with 
a mean of 34.5 per cent (Table I). In these 
animals the perfusion varied from 47 to 100 
ml. per kilogram with an average of 6/7 
ml. per kilogram and the mean blood pres- 
sure ranged from 80 to 125 mm. Hg with 
an average of 99 mm. Hg. 

No clear correlation was apparent between 
the percentage of superior vena caval flow 
and the perfusion volume although in gen- 
eral the greater the perfusion the higher 
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Table I. Percentage superior vena caval flow 
with varying perfusion rates 





% 
Experiment| superior 
No. vena cava 


33 31 110 
36 28 80 
4 30 100 
7 44 110 
16 98 


38 90 
13 100 
23 110 
82 
80 


100 
90 
120 
80 
110 


110 
80 
120 
125 
80 


Mean 34.5 99 


Mean blood | Perfusion 
pressure (ml./Kg.) 











the pressure and the higher the superior 
vena caval percentage. 

The total venous return was approximately 
equal to the perfusion volume. In a few 
instances blood was added to the heart-lung 
machine to maintain the reservoir level be- 
cause of slow but continued bleeding within 
the chest wall and mediastinum. It .was 
noted that with long-continued perfusion 
(45 minutes or longer) the animal’s blood 
pressure generally decreased from its initial 
levels. In addition, with long perfusion times 
some transfusion was generally necessary 
to the venous reservoir to maintain its orig- 
inal level.!§ 

Varying flow rates. In 6 animals after 
a stable preparation had been established 
the flow rate was varied by changing the 
pump setting. In 4 animals the flow rate 
was decreased stepwise with an observation 
period of 5 or 10 minutes at each new 
setting and then returned stepwise to the 
original level. In 2 animals the pump setting 
was increased stepwise and then returned to 
the original pump setting. The flows were: 
In No. 37, 68 ml./Kg. to 50 to 30 and then 
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back to 60 ml./Kg.; in No. 36, 48 ml./Kg. 
to 32 to 24 and then back to 48 ml./Kg.; 
in No. 35, 46 ml./Kg. to 30 to 26 and then 
back to 46 ml./Kg.; and in No. 38, 64 
ml./Kg. to 58 to 43 to 26 and then stepwise 
back to 64 ml./Kg. In these 4 animals 
there was a decrease in the percentage of 
superior vena caval flow paralleling the de- 
crease in the perfusion volume. The total 
venous return was decreased, approximating 
the pump input. Of interest was the mean 
blood pressure which decreased only slightly 
(from 80 to 70 in No. 37, from 80 to 70 in 
No. 36, from 90 to 80 in No. 35, and from 
110 to 80 in No. 38) and did not follow 
a strictly linear response in relation to the 
flow rate. 

In 2 animals the flow was increased step- 
wise. In No. 3 perfusion was begun at 47 
ml./Kg. and increased to 64 to 85 to 97 
and then decreased stepwise to the original 
level. In No. 4 it was begun at 50 ml./Kg., 
increased to 66 and 95, and then reduced 
stepwise to the original level. In both these 
preparations the superior vena caval per- 
centage increased as did the venous return. 
The blood pressure increased in animal No. 
3 from 85 to 120 mm. Hg and in animal 
No. 4 from 100 to 160 mm. Hg (Fig. 2). 

Neo-Synephrine. The effect of Neo- 
Synephrine was tested in 11 animals with 
a dose varying from a single intravenous in- 
jection of 0.1 to 1.0 ml.* and in 1 animal 
(No. 24) a continuous intravenous drip of 
200 drops per minute of 25 mg. of Neo- 
Synephrine in 500 ml. of normal saline was 
infused. In all animals an increase in blood 
pressure and an increase in the relative con- 
tribution of the superior vena caval flow was 
found. The superior vena caval flow increase 
varied from 36 to 226 per cent of the initial 
values. The highest superior vena caval flow 
after Neo-Synephrine administration was 
used for calculation (Table II and Fig. 3). 

Perfusion in these animals was held at 
a constant rate, but varied among the ani- 
mals from 47 to 98 ml. per kilogram. No 
apparent correlation was found between the 


*10 mg. per milliliter. 
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VARYING FLOW RATES 
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Fig. 2. Effect of varying flow rates on blood distribution in 4 experiments. Note parallel 
changes in flow rate, venous return, and per cent superior vena caval flow. The blood pressure 





changed proportionately, but to a lesser extent with flow rate. 


perfusion rate and the degree of response 
to Neo-Synephrine although the greatest 
increase in superior vena caval return (226 
per cent) was noted in the animal with the 
lowest perfusion rate. 

Several interesting changes were noted in 
total venous return. Most frequently seen 
was a temporary decrease in venous return 
lasting several minutes, probably due to ar- 
teriolar constriction which prevented the 
blood from passing into the venous bed. 
In these instances the venous return sub- 
sequently returned to preinjection levels. In 
2 animals there was a temporary increase 
in venous return with a return to normal 
and in 3 animals there was a slight decrease 
in venous return and then a return to nor- 
mal. In 1 animal there was no appreciable 
change. 

Changes in total vascular space of the 
animal increased in 6 dogs. In 2 the total 
blood volume remained stable and in | the 
blood volume actually decreased. 

Arfonad. In 3 animals, Nos. 31, 32, and 
33, 25 or 90 mg. of Arfonad was given intra- 


venously after a stable state for approxi- 
mately 10 minutes had been reached. The 
preadministration mean _ blood 
varied between 80 and 110. In all animals 
there was a marked drop in blood pressure 
to hypotensive levels (10 to 30 mm. mean 
pressure) after Arfonad administration. In 
all animals there was an increase in the 
relative superior vena caval contribution 
from an average of 35 per cent (25 to 50) 
to 62 per cent (55 to 68) of the initial levels. 
Alterations in venous return were not con- 
sistent. In one animal, No. 31, there was 
a momentary increase in venous return, re- 
flecting an immediate decrease in resistance, 
followed by normal venous return. In No. 
32 there was a sustained increase in venous 
return, again reflecting a diminished periph- 
eral resistance. In the third animal, No. 33, 
no change in venous return was noted. There 
was an increase in total blood volume in 2 
animals, No. 31 and No. 32, but no change 
noted in the third (Table III, Fig. 4). 
The effect of hypoxia. In 4 animals 
changes secondary to hypoxia were measured 


pressures 
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by discontinuation of the oxygen to the disc 
oxygenator. In these animals (Table IV) 
the duration of hypoxia varied from 15 to 
18 minutes, the perfusion rate from 70 to 75 
ml. per kilogram and the femoral arterial 
oxygen saturation decreased to values be- 
tween 37 and 67 per cent. 

In these 4 animals there was uniformly 
an increase in the per cent of superior vena 
caval return varying from 18 to 33 per cent. 
In 3 animals there was an increase in blood 
pressure probably indicating a generalized 
vasoconstriction. In 1 animal there was a 
decrease in mean blood pressure. 

After restoration of the oxygen atmos- 
phere for the oxygenator, the superior vena 
caval flows and the blood pressures returned 
to their initial levels. Total venous return 
remained essentially the same in all animals. 
The total blood volume remained constant 
(Fig. 5). 


COMMENT 


Numerous studies have shown the effect 
of cardiac and respiratory cycles on indi- 
vidual caval flow although few measure- 


NEOSYNEPHRINE 


Dog #13-55 mi/kg Dog #3-42 mi/kg 
~ oc > 














——— 
¥0-25 mi 


= E 70.5 mi 


3000 
Total 3008 


a 





Vol. 1000 


venous 200] 
Return 400 

















225; . 
Mean BP!75; 
1250 
75% _— « 4. 4. yo * Aol 


a hak pena rg 14. Soming 











- 











i 2000, Fozni in: x... 





Venous O00 


Return 





‘ 
= | 


| 








% SVC | 





wit PW) A. 











2 MINUTE INTERVALS 


Regulation of regional blood flow 93 


ments are available which assess relative 
rates of blood flow in the superior and in- 
ferior vena cava.* Previous experiments 
have demonstrated measurements either in 
one vessel or serially in different veins by 
transference of the flowmeter from one lo- 
cation to another.® * 7° Grundy and Ho- 
warth*® and Coleridge and Hemingway‘ 
have measured simultaneous caval flows in 
the cat and dog, respectively. In the cat 
Grundy and Howarth showed the superior 
vena caval flow to be 31 per cent while 
Burton-Opitz found it to be 43 per cent 
of the combined caval return. Levy and 
Blalock,” using the direct Fick method in 
the unanesthetized dog, determined the su- 
perior vena caval flow as approximately 31.3 
per cent of the cardiac output. Coleridge 
and Hemingway® (in the dog) found an 
average of 30.4 per cent for the superior vena 
cava. They also stated that flow through the 
azygos vein was approximately 3.3 per cent 
of the total. These figures agree well with our 
mean of 34.5 per cent for superior vena caval 
flow although in our preparation the azygos 
vein was ligated. 
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Fig. 3. Effect of Neo-Synephrine on blood distribution. Note increase in superior vena caval 
flow and blood pressure after drug. In No. 13, No. 11, and No. 14 a momentary decrease in 


venous return is seen. 


Fig. 4. Effect of Arfonad on blood distribution. There is a drop in blood pressure accompanied 
by an increase in superior vena caval flow. Note the increase in total venous return in No. 32, 
the momentary increase in No. 31, and the lack of change in venous return in No. 33. 
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Table II. Effect of Neo-Synephrine on blood distribution during extracorporeal 


perfusion 





Before 


After 





% 
superior 
vena cava 


Mean blood 


pressure 


Experiment Dose* 


No. (ml.) 


Mean blood 


Perfusion 
pressure (ml./Kg., 


superior superior 


| 

| 

Jo | %o increase 
vena cava | venacava | 





12 0.1 120 22 
14 . 100 42 
15 ' 100 38 
90 22 
110 42 


90 22 
40 19 
75 32 
110 43 
130 28 


Inf.t 125 26 


230 33 50 80 
260 57 36 75 
230 56 47 62 
240 32 45 73 
230 48 50 


200 : 73 59 
220 226 47 
240 63 ) 

300 63 92 
220 64 84 


270 77 98 





*10 mg. of Neo-Synephrine per milliliter. 


+Continuous intravenous drip, 200 drops per minute, of 5 ml. Neo-Synephrine in 500 mi. normal saline. 


Table III. Effect of Arfonad on blood distribution during extracorporeal perfusion 





| Before 


After 





% 
superior 
vena cava 


Mean blood 


Experiment Dose 
| pressure 


No. (ml.) 


Mean blood 


N Yo increase 
superior superior Perfusion 
pressure | venacava vena cava (ml./Kg.) 





31 25 80 50 
32 25 90 25 
33 90 110 30 


30 63 26 74 
30 68 86 87 
10 55 83 47 





Table IV. Effect of hypoxia on blood distribution during extracorporeal perfusion 





Before 


After 





Duration % 


Arterial vena 
oxygen cava 


Experiment hypoxia 
No. Kg.) (min.) 











of superior 
Blood 


pressure 


% 
superior | & 
Arterial vena Blood 


oxygen cava | pressure | 


© increase 
superior 
vena cava 





23 15 97 32 
42 75 18 82 27 
43 70 17 90 45 
44 72 18 92 38 


37 40 75 25 
52 39 110 33 
47 60 100 33 
67 45 100 18 





King and Bounous,” in studying variations 
in caval flow during hypothermia in dogs, 
noted that at 37° C. the superior vena caval 
flow was 34.8 per cent of the cardiac input. 
Feldman and colleagues’? measured superior 
and inferior vena caval flow separately in 
different dogs. Their figures indicate that 
approximately 43 per cent of the flow was 
through the superior vena cava although 
their dogs had been subjected to vagotomy. 

Changes secondary to the administration 
of Neo-Synephrine and Arfonad demon- 


strated a definite shift in venous partition- 
ing from normal. With Neo-Synephrine the 
generalized vasoconstriction resulted in a 
greater increase in resistance by the inferior 
part of the body than by the superior part. 
This is shown by increase in blood pressure 
and increase in superior vena caval flow. 
With Arfonad the marked decrease in pres- 
sure is a reflection of generalized vasodilata- 
tion produced by this ganglionic blocking 
agent. Since this also resulted in an increase 
in the superior vena caval percentage flow 





j olume 49 
Number 1 


we must assume that the dilatation was pro- 
portionately greater in that part of the body 
drained by the superior vena cava or that 
arteriovenous shunts were opened in_ this 
area. 

Changes noted with varying flow rates 
are interesting since they indicate that a 
strict linear relationship is not present be- 
tween flow and pressure in the perfused 
animal. With low flow rates the superior 
vena caval percentage increased, corroborat- 
ing the findings of Coleridge and Heming- 
way.® These authors also noted that in the 
intact dog the superior vena caval per- 
centage increased as blood pressure fell. A 
similar finding was noted by them in hy- 
poxia, when the superior vena cava flow 
increased. In addition the blood pressure 
rose during hypoxia as a consequence of 
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vasoconstriction. A difference of opinion 
exists with regard to the occurrence of vaso- 
constriction after hypoxia. Alexander’ be- 
lieved that the vessels undergo vasoconstric- 
tion while other authors cite evidence that 
anoxia results in vasodilatation.‘® Our ex- 
periments indicate vasoconstriction since an 
increase in blood pressure with the hypoxia 
occurred more frequently than a decrease. 
The increase in superior vena caval return 
after hypoxia was also noted by Feldman 
and associates. 

No evidence of “pooling” within the 
venous bed was found since in each experi- 
ment venous return equaled the perfusion 
volume. In a few instances after the ad- 
ministration of Neo-Synephrine the venous 
return momentarily decreased, reflecting 
vasoconstriction either of the venous bed or 
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Fig. 5. Effect of hypoxia on blood distribution. A slight increase in superior vena caval flow 
is noted accompanied by an increase in blood pressure in No. 42, a decrease in No. 23, and 


essentially no change in No. 44. 
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the capillaries, but this was not of appreci- 
able duration. Because of the type prepara- 
tion used the exact site of vasoconstriction 
or vasodilatation could not be located more 
exactly than the general region drained by 
the superior vena cava or the inferior vena 
cava. 


CONCLUSIONS 


1. A preparation is described in a dog 
undergoing extracorporeal circulation § in 
which flowmeters were inserted for measure- 
ment of flow through the superior and in- 
ferior vena cava. Total venous return and 
the relative contribution of the superior and 
inferior vena cava were measured under a 
variety of conditions. 

2. The average superior vena caval per- 
centage of total flow was 34.5 per cent in 
animals perfused with flow rates between 47 
and 100 ml. per kilogram. 

3. With increase in perfusion volume the 
relative superior vena caval flow increased. 

4. After the administration of Neo-Syn- 
ephrine and Arfonad the relative superior 
vena caval flow increased although with one 
drug the blood pressure increased and in the 
other it decreased. 

5. Hypoxia induced by discontinuation of 
the oxygen supply to the extracorporeal 
oxygenator resulted in a relative increase in 
superior vena caval flow. 
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DISCUSSION 
Dr. Richard Warren. Thank you, Dr. Kittle, 


for these interesting observations regarding the 
relative contributions from the inferior and su- 
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perior vena cava to cardiac input during extra- 
corporeal perfusion. I am wondering if any similar 
observations have been made in man and whether 
or not the anatomy of the dog differs sufficiently 
from that of man to expect different data. 

Dr. C. Frederick Kittle. I do not know of 
any data that have been obtained from studies 
on human subjects regarding this particular aspect 
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of blood flow. In all probability there are several 
anatomic and physiologic differences between man 
and the dog that would alter regional blood flow— 
the greater importance of the spleen, the hori- 
zontal position of the dog, and so forth. We hope 
to extend our observations to human _ beings 
undergoing extracorporeal perfusion in the near 
future. 











Use of an intracardiac pacemaker 


in the control of 


heart block 


he therapy of Stokes-Adams seizures 
in the course of heart block with atrioven- 
tricular dissociation has, for the most part, 
depended upon the use of drugs (ephedrine, 
isoproterenol, and epinephrine) or the in- 
termittent electrical stimulation of the ven- 
tricles by cardiac pacemakers. Therapy by 
pacing is in a period of rapid development 
at present. Initially placed on a practical 
basis by Zoll,’ the pacemaker bears the bur- 
den of therapy in those for whom drugs 
alone will not control the occasional or fre- 
quent lapses into asystole. Experience with 
the production of atrioventricular dissocia- 
tion after repair of congenital cardiac le- 
sions, most notably atrioventricularis com- 
munis, led to the clinical use of direct stim- 
ulation of the myocardium by Weirich.° 
Such stimulation is effective and _ satisfac- 
tory for prolonged use. 

The more recent approaches in pacing are 
via stimulation of the right ventricular en- 
docardial surface' of the heart and prog- 
ress in the development of materials which 
will retain conductivity even after long pe- 
riods of stimulation.* Several methods re- 
quire performance of thoracotomy for in- 
sertion of the conductive material and this 
limits their usefulness.* This paper presents 
our observations in the use of the intra- 
cardiac pacemaker in 18 patients and in- 
dicates the technical details, advantages, and 
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complications of the technique. We believe 
that the technique provides a useful tool 
management of patients 


in the current 


whose course is jeopardized by frequent 
syncopal episodes, by a fall in cardiac out- 
put caused by marked slowing of the ven- 
tricular rate or ventricular standstill, and 
by Stokes-Adams seizures which are due to 
ventricular fibrillation. 

The technique to be described is that of 
stimulation of the endocardial surface of 
the right ventricle for pacing,* which thus 
controls Stokes-Adams seizures in the course 
of the clinical entity best described by the 
single term of “heart block.” Earlier pub- 
lications described the fundamentals of the 
procedure of pacing the heartbeat by use 
of an indwelling electrode catheter.” Since 
the appearance of the first publication con- 
cerning clinical experience, a great amount 
of data has been accumulated. This report is 
a cumulative evaluation of the performance 
of prolonged pacing and of its therapeutic 
value in the ambulatory, nonhospitalized 
patient. 

Pacing is considered to be of value in pa- 
tients in whom prolonged spontaneous main- 
tenance of the heartbeat needed for mini- 
mal but adequate cardiac output is impos- 
sible or unlikely. All of the patients chosen 
as subjects fall into this category. Some re- 
quired dependence on the external pace- 
maker for prolonged periods of time. In 
others the frequency of attacks with its at- 
tendant effects on the brain warranted the 
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use of a pacemaker and the intracardiac 
route was deemed the most practical and 
humane. In all, 18 patients have undergone 
endocardial stimulation with the electrode 
catheter. Each of these patients responded 
to pacing, that is, no heart was found to 
be refractory to electrical stimulation via 
this route. Stimulation was carried out for 
a prolonged period of time in most pa- 
tients. In the patients who died, autopsy 
showed no gross or microscopic damage to 
the heart secondary to the presence of the 
catheter or damage secondary to electrical 
stimulation. On examination the peripheral 
veins through which the catheter passed ex- 
hibited only mild chronic inflammation near 
the site of insertion of the catheter while the 
more central veins were undamaged. No 
valvular damage was produced by this pro- 
cedure. 

Throughout the entire period of continu- 
ous electrical stimulation the patients’ cur- 
rent requirements did not increase as they 
usually do when buried myocardial elec- 
trodes are used. The longest survivor has 
had the heartbeat paced for 11 months. His 
current requirement is 2.6 Ma., the same as 
it has been since the initiation of stimula- 
tion. Currently, 5 other patients have been 
maintained by this method for from 2 to 9 
months, and their electrical current require- 
ments also have remained constant at the 
same minimal level that existed at the time 
of catheter insertion. 


PROCEDURE 


Stimulation of the right ventricular endo- 
cardial surface is accomplished by conduc- 
tion of an electrical impulse from a suitable 
pacemaker via a cardiac catheter lying in 
a peripheral vein. Initially the median ante- 
brachial vein (used in customary diagnostic 
cardiac catheterization) was used. This vein 
is no longer used. Positioning of the cath- 
eter is more difficult from this site. Once 
in place, the tip of the catheter tends to 
shift badly with motion of the arm. This 
difficulty is indeed so great that in pro- 
longed care of the ambulatory patient the 
use of other venous sites, where such handi- 
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caps can be overcome, is warranted. The 
first use of the right external jugular vein 
was made in patient E. S. in whom no up- 
per extremity vein could be used success- 
fully to reach the superior vena cava. An 
easy catheterization was performed. This 
site has the advantage of ready accessibility 
in all patients, since even children gen- 
erally exhibit external jugular veins of ade- 
quate size. Once the catheter is in the vein, 
manipulation is easy from this position. 
Finally, there is little motion of the supra- 
clavicular area relative to the thorax so that 
the catheter remains in the area in the heart 
to which it has been positioned (Fig. 1). 

The second, indifferent, electrode is a 
No. 1-0 stainless steel braided wire which 
is sutured to the right anterior chest wall at 
a convenient point. The endocardial elec- 
trode is connected to the negative terminal 
and the indifferent electrode to the positive 
terminal of the pacemaker. 

The catheter currently in use is a No. 6 F 
Cournand electrode catheter, model 350E, 
furnished by the U. S. Catheter Company. 
It does not have a lumen and thus cannot 
be used for blood sampling. It does bear an 
electrical wire with an exposed metal tip. 
While this catheter is not entirely satisfac- 
tory, it will serve adequately for prolonged 
periods. 

Once the catheter is positioned properly 
it is fastened in place by suturing the cath- 
eter to the skin at 2 points with No. 2-0 
stainless steel wire. 

Any pacemaker may be used as the source 
of current if it provides the small amounts 
of current required for internal use. A max- 
imum of 10 Ma. or 4 to 5 v. are all that 
is required. Most heartbeats will pace well 
at 1.2 to 4 Ma. For ambulatory patients 
battery-operated pacemakers are used. Two 
excellent units are those supplied by Atronic 
Products, Bala-Cynwyd, Pennsylvania, and 
Medtronic, Inc., Minneapolis, Minnesota 
(Fig. 2). 

We believe it advisable, once prolonged 
catheterization is begun, to maintain the 
patients on long-term anticoagulation in or- 
der to prevent formation of thrombi about 

























Fig. 1. Cutaway view of a heart with the ante- 
rior wall removed and the electrode catheter in 
place. Note that it enters via the right external 
jugular vein, traverses the right atrium and tri- 
cuspid valve, and that the tip lies in the outflow 
tract of the right ventricle. 


the catheter. We are as yet undecided about 
long-term antibiotic administration, but an- 
tibiotics are administered for several days 
at the time of initial catheterization and also 
each time the catheter subsequently is ma- 
nipulated for better placement. 

The area in which the catheter enters 
the vein is protected with a light dressing. 
Patients so outfitted are fully ambulatory 
and, when all elements are functioning satis- 
factorily, are discharged from the hospital 
to return at monthly intervals for fluoro- 
scopic or roentgenographic observation of 
catheter position, electrocardiogram, and 
battery change. Anticoagulation is_ con- 
trolled with the aid of a weekly prothrom- 
bin time determination. The dressing is 
changed during the monthly visits. In most 
instances there is no discharge at all, but 
occasionally there is a small volume of dis- 
charge about the site of insertion into the 
skin. Bleeding from the vein about the 
catheter has never occurred. 
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CLINICAL MATERIAL 


Clinical material is now comprised of 
18 patients. Of these, 7 are now living, | 
who no longer requires stimulation and 6 
who are maintained with constant stimu- 
lation. The patient who has survived the 
longest (H. N.) has now gone 11 months 
since initial catheterization. A second (E. 
M.) has now gone 9 months. H. N. has 
maintained sensitivity to stimulation at 2.6 
Ma. since the start of pacing, and E. M. 
has required 4 Ma. constantly since stimula- 
tion began. Another patient (E. G.) who 
came to us for follow-up after catheteriza- 
tion elsewhere has had stimulation at 3.0 
Ma. since the start, 9 months ago. Patient 
(J. M.) has had stimulation for 7 months 
at 1.7 Ma., another (M. M.) for 4 months, 
and the most recent (M. W.) for 2 months 
at 2.0 Ma. All 5 of these patients are fully 
ambulatory and are home. Of the remain- 
ing patients, 2 are described in an earlier 
publication. One (R. B.) died 3 weeks 
after a brief period (2 hours) of pacing, 
during a series of Stokes-Adams seizures as- 
sociated with asystole. In the second patient 
(P. S.) the heartbeat returned to an ac- 





Fig. 2. A patient outfitted for ambulatory out- 
patient status. A stainless steel wire acts as the 
indifferent electrode and the catheter pierces the 
skin to enter the external jugular vein just above 


the right clavicle, 
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ceptable rhythm with atrial fibrillation and 
conducted beats after 11 weeks of stimula- 
tion. He has remained well for over 1% years 
since his discharge from the hospital. 

Two other patients were children who 
developed heart block during the course of 
repair of intracardiac defects. Both of these 
children required catheter pacing. In the 
first (P. R.), a massive infection of the 
sternum-splitting wound caused loosening of 
the myocardial wires which had been placed 
during operation. Pacing was required to 
correct increasingly severe congestive heart 
failure secondary to a persistently slow ven- 
tricular rate. The heartbeat eventually re- 
turned to sinus rhythm and the child was dis- 
charged from the hospital. She returned 3 
months later with overwhelming congestive 
heart failure and died. Autopsy revealed re- 
currence of the ventricular septal defect. The 
second child (J. K.) had undergone a re- 
pair of an atrioventricularis communis. My- 
ocardial wires were inserted for control of 
heart block. Congestive heart failure per- 
sisted and worsened postoperatively although 
the heart rate was maintained at 100 per 
minute. Gradually, over a period of weeks 
resistance to stimulation increased until the 
pacemaker could no longer overcome myo- 
cardial resistance. At this time endocardial 
stimulation was started. The heartbeat was 
paced at 1.2 Ma. until the child’s death. 
Autopsy indicated that failure was caused 
by a widely cleft mitral valve which had not 
been repaired. 

+ Three patients died as a result of ven- 
tricular fibrillation induced, we believe, by 
electrical leakage from the line current. 
These 3 patients had their clinical seizures 
on the basis of asystole. The first 2 of the 
patients were undergoing study to deter- 
mine cardiac output during pacing. Both 
(L. M. and J. M.) suddenly developed ven- 
tricular fibrillation, apparently inexplicably, 
as there was no other evidence of difficulty 
that would have warranted concern. In both 
cardiac rates were maintained that were not 
excessive and that had previously been dem- 
onstrated to be well tolerated. The third 
patient who developed ventricular fibrilla- 
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tion was successfully resuscitated and the 
heartbeat was paced briefly with a myo- 
cardial wire. When the myocardial resist- 
ance increased and necessitated an increas- 
ing amperage, an intracardiac pacemaker 
was inserted. However, the subsequent 
course was complicated by development 
of staphylococcal pneumonia, of which the 
patient died. 

Subsequent to these unfortunate experi- 
ences investigation revealed minute 60-cycle 
A.C. leaks via pacemaker, oscilloscope re- 
corder, and fluoroscope which were inter- 
connected to the line current and the pa- 
tient. This current was of such magnitude 
and character (alternating current) as to 
predispose to ventricular fibrillation rather 
than asystole. We now use battery-powered 
pacing equipment exclusively in order to 
obviate this problem. 

One patient (I. S.) underwent catheteri- 
zation on Jan. 14, 1959, from the left arm. 
She tolerated catheterization and the cardi- 
ac output studies quite poorly. Several days 
after original catheterization she was made 
to walk, but with ambulation stimulation 
became ineffective. A chest film showed re- 
turn of the catheter tip to the right atrium. 
An attempt was made to reposition the 
catheter while the patient lay in bed and 
without fluoroscopic control. The heartbeat 
paced well for several days but then be- 
came totally unresponsive to catheter stimu- 
lation. The patient developed progressive 
congestive heart failure, azotemia, and a 
progressively more rapid idioventricular rate. 
She died with a ventricular rate of 120 per 
minute, in congestive heart failure and with 
a BUN of 85. Autopsy examination revealed 
a flabby, fatty infiltrated heart through 
which, at the apex of the right ventricle, 
the catheter tip had perforated. The peri- 
cardium was filled with fresh and partially 
organized old blood. It appeared that at 
the time of respositioning of the catheter 
perforation of the myocardium had _ oc- 
curred, and that this patient had died of 
progressive pericardial effusion and cardiac 
tamponade. With the introduction of the 
catheter via the right external jugular vein 
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the need for frequent repositioning of the 
catheter has lessened. All manipulation is 
now performed under fluoroscopic control, 
and catheter tip position is checked with 
roentgenogram at the conclusion of the 
procedure. 

The first patient in this series in whom 
placement of the catheter was performed 
via the right external jugular vein was a 
75-year-old woman (E. S.) who had suf- 
fered her first episode of asystole at home 
and the second in her physician’s office. At 
the time of her admission to the hospital, it 
was Clear that she had sustained severe brain 
damage. She had alternate episodes of sinus 
rhythm and atrioventricular dissociation, with 
5 more asystolic episodes on the night of 
admission before the correct diagnosis was 
established. The external jugular vein was 
used in this instance when it became evi- 
dent that the veins in the upper extremities 
were inadequate in size to accommodate 
the catheter. She responded well to the 
pacing for 3 weeks without any improve- 
ment in her cerebral status. At that time 
her family insisted that the pacing be ter- 
minated. This was done and 1 week later 
she died during an episode of asystole, but 
with the catheter still in place. Autopsy 
revealed an unscarred endocardial surface, 
but with a large block of calcified tissue in 
the region of the atrioventricular node. 

One other person (M. G.) was main- 
tained at home on an ambulatory basis. 
The wire in the catheter broke and after 
change of catheters she developed a_ bac- 
teremia that was believed to be due to an 
infected catheter. After unsuccessful treat- 
ment with intravenous antibiotics the cath- 
eter was removed to allow sterilization of 
the blood stream. Shortly after removal the 
woman died during a Stokes-Adams seizure. 


COMPLICATIONS 


The complications observed during the 
clinical evolution of this technique have 
been + in number. 

1. Change in position of the catheter tip 
was a major problem during the period 
(first 4 patients) when insertion of the 
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catheter was performed from the arm. Wi.h 
external jugular placement this problem o-- 
curs rarely. The catheter tip must, of course, 
lie within the right ventricular cavity and 
spontaneous withdrawal of the tip into the 
right atrium or its advancement into the 
pulmonary artery will produce a cessation 
of ventricular stimulation. For this reason 
the catheter must be positioned without a 
loop in its course, as uncoiling will inevi- 
tably shift the position of the tip. 

2. Failure of equipment has caused a 
great deal of difficulty though progress to- 
ward a solution is being made. The wire 
traversing the electrode catheter has broken 
on 3 occasions, and each time has required 
replacement under difficult circumstances. 
The electrode catheter now in use was not 
designed for long-term placement. Thus 
permanence cannot be anticipated. A new 
catheter, projected as durable or perma- 
nent has been designed and within a short 
time will be available. Breakage of wires 
connecting the pacemaker to the catheter 
has occurred on several occasions and has 
required correction. 

The diagnosis of a mechanical failure is 
important to differentiate from inherent re- 
sistance to stimuli. This diagnosis can be 
made when roentgenograms reveal the cath- 
eter tip to be in proper position and the 
electrocardiogram indicates that the pace- 
maker impulse is properly made. If both 
these conditions pertain and the heart does 
not respond to stimulus then it may be safe- 
ly assumed that some electrical connection 
is at fault and, should all external connec- 
tions be intact, then the catheter must be 
withdrawn and a new one inserted via the 
same sinus tract. 

3. Infection is potentially the most serious 
problem affecting endocardial stimulation 
technique, for surely infection would negate 
its long-term value. Only 2 patients who 
have had indwelling catheters have devel- 
oped infection involving the catheter. The 
first patient (M. G.) required catheter 
change because of breakage of conductive 
wire within the catheter. She did not re- 
ceive antibiotics after replacement and with- 
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in 2 days showed signs of bacteremia— 
proved to be due to Streptococcus faecalis. 
She was treated with intravenous penicillin 
and defervesced. She was discharged and 
shortly returned, once again febrile. During 
this admission positive blood cultures were 
again obtained for Streptococcus faecalis. 
On this occasion the catheter was with- 
drawn with hope that antibiotics would 
sterilize the blood stream and allow rein- 
sertion of a sterile catheter. Several hours 
after catheter withdrawal the woman died 
during an episode of asystole. 

The second infected patient (H. N.) had 
become spontaneously infected during the 
sixth month of indwelling catheter therapy. 
Six weeks of intravenous penicillin admin- 
istration did not completely relieve the in- 
fection but it did respond during a subse- 
quent admission to withdrawal of his cath- 
eter and insertion of a fresh one. 

4. Ventricular fibrillation has developed 
in 3 of our patients. Each episode was ulti- 
mately fatal. We no longer believe that 
fibrillation is an inherent feature of endo- 
cardial stimulation, or that it is due to di- 
rect myocardial stimulation. In our opinion 
we have explained the etiology of these epi- 
sodes of ventricular fibrillation and have 
taken the necessary and adequate measures 
to prevent such occurrences. 

To date there has been no evidence of 
significant thrombophlebitis or injury to the 
endocardial surface of the heart. Of all the 
patients autopsied, not one has had evidence 
of myocardial or endocardial damage even 
after prolonged retention of the catheter in 
situ. 

One patient developed a clot on the elec- 
trode catheter. Subsequent to discharge 
from the hospital he refused to take anti- 
coagulents and died at home 4 months after 
original insertion of the pacemaker elec- 
trode. At autopsy a clot approximately 3 
cm. long was found surrounding the intra- 
ventricular portion of the catheter. While 
we cannot be certain that death was at- 
tributable to the clot and its action either 
as an insulator of the catheter tip from the 
ventricular endocardium or as an occluding 
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Fig. 3. The clot in situ on the catheter in patient 
12 (H. W.). This patient had not taken anti- 
coagulants in the 2 months after discharge from 
the hospital. 


thrombus in the right ventricular outflow 
tract, we must assume that this thrombus 
played a major role in this patient’s death 
(Fig. 3). 

It must, therefore, be emphasized that 
continued anticoagulation while the catheter 
is in situ is imperative. 


ANALYSIS OF CAUSES OF DEATH 


Of the group of patients enumerated 
there have been 11 deaths (Table I). These 
deaths can be conveniently divided into 2 
groups, those related to catheterization and 
those unrelated. Four deaths were clearly 
unattributable to endocardial stimulation. 
Two patients, R. B. and E. S., died after 
pacing had been terminated. R. B. died 3 
weeks after cessation of pacing and E. S. 
1 week after, but with the catheter still in 
place. Both died during Stokes-Adams sei- 
zures. The remaining 2, J. K. and P. R., both 
had heart block acquired during attempted 
repair of congenital cardiac lesions. Both of 
these patients died of their ultimately un- 
corrected cardiac lesions. J. K., with a cleft 
mitral valve unrecognized at operation, died 
with progressive congestive heart failure 
though the heart responded perfectly to the 
pacemaker. P. R. also died in congestive 
failure after infective recurrence of a ven- 
tricular septal defect which had previously 
been surgically corrected. 

Patients who died of related causes fall 
into 4 groups. One patient (I. S.) died of 
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pericardial tamponade associated with per- 
foration of the right ventricle. Another, 
M. G., died of a Stokes-Adams seizure after 
the withdrawal of an infected catheter. 

Two of these patients (L. M. and H. M.) 
developed equipment-induced ventricular 
fibrillation during catheterization and died 
immediately. Another (J. C.) was success- 
fully resuscitated by thoracotomy, ventricu- 
lar defibrillation, and cardiac massage. He 
subsequently died of overwhelming staphylo- 
coccal pneumonia, though his pacemaker 
functioned well to the end. 

An additional patient (H. W.) died with 
a large clot on the catheter and the most 
recent death occurred in a 77-year-old 
woman with a ventricular fibrillation mech- 
anism who died with a clinical picture of a 
myocardial infarction though no autopsy 
was obtained. 

Thus only 4 etiologic agents have con- 
tributed to death. The agent causing the 
bulk of the deaths has, in our opinion, been 
fully overcome. 


COMMENT 


The use of a cardiac catheter to stimu- 
late the endocardial surface of the right 
ventricle and cause contraction of the heart 
has been previously demonstrated. Experi- 
ence with this technique has now reached a 
total of 18 cases in our series. At this time 
| patient, previously described, has recov- 
ered sufficiently not to require pacing at any 
time. Six others are maintained with con- 
stant stimulation. Duration of pacing in 
these patients has been from 2 months to 
1 year. In no instance has long-term con- 
stant stimulation been shown to be deleteri- 
ous to the patient and there has been no 
instance of evidence of increased myocardial 
resistance to stimulation. Of the 6 patients 
now maintained, 4 are persons with inter- 
mittent heart block who develop Stokes- 
Adams seizures upon conversion from sinus 
rhythm to atrioventricular dissociation. In 
several of these persons suppression of spon- 
taneous sinus rhythm is possible at imposed 
rates of 120 to 140 per minute, far in excess 
of the spontaneous rhythm. However, sup- 
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pression of spontaneous activity is unneces- 
sary and would, of course, at such rates be 
undesirable. The pacemaker stimuli are set 
at 70 to 80 per minute and, as the rhythm 
changes from sinus to idioventricular, the 
previously ineffective stimuli become ade- 
quate in both rate and amplitude of current 
to assume control of the ventricular rate. 
Such control continues until cardiac ac- 
tivity reverts to sinus rhythm. Such re- 
sponsiveness allows pacing to be set con- 
tinuously to a physiologic rate, that is, 70 
to 80 per minute, with the knowledge that 
the ventricles will disregard these stimuli 
when their own rhythm is adequate and 
will follow pacemaker stimuli if this is neces- 
sary. In one patient suppression of spon- 
taneous activity occurs even at a rate of 
80 per minute (Fig. 4). 

On one occasion endocardial stimulation 
was instrumental in breaking a severe ven- 
tricular tachycardia (Fig. 5). This event oc- 
curred in E. M., in whom an external lead 
to the pacemaker had become disconnected 
and who then developed episodes of ven- 
tricular fibrillation and ventricular tachy- 
cardia. When the patient arrived at our in- 
stitution this bizarre arrhythmia persisted. 
With reinstitution of electrical continuity 
stimulation was resumed and with the first 
electrical stimulus the ventricles, which had 
been dissociated from the atria and in rapid 
tachycardia, responded to the imposed 
stimuli. 

The availability of portable, battery- 
operated pacemakers as well as a technique 
which does not involve inherent failure of 
stimulation based solely on duration of 
stimulus has made possible the ambulatory 
outpatient maintenance of patients with 
atrioventricular dissociation either of the 
unstable shifting from sinus rhythm to 
atrioventricular dissociation, or of the fixed 
atrioventricular dissociation with asystolic 
episodes, or runs of ventricular fibrillation. A 
good deal of progress has been made in pro- 
viding durable materials for the equipment 
required for these patients, and thus far 7 
patients otherwise completely disabled have 
been maintained for long periods of time by 
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SANBORN Viso CARDIETTE 


Fig. 4. Note can be made here of the equal ease with which the pacemaker can suppress a 


rhythm demonstrating a 2 


2 to 1 block and a sinus rhythm. The same patient’s electrocardio- 


gram is shown at different degrees of heart block in a person demonstrating a labile mech- 


anism. 


Fig. 5. Ventricular fibrillation is demonstrated above and with momentary cessation of fibrilla- 
tion, stimulation with the intracardiac pacemaker and capture of control of the cardiac 


rhythm can be performed. 


intracardiac stimulation. An additional one 
has recovered sufficiently so that stimula- 
tion is no longer required. In no instance 
has resistance to stimulation become a prob- 
lem, and in no instance has the heart be- 
come so dependent on stimulation that nat- 
ural, spontaneous pacemakers have been to- 


tally suppressed. 
The use of a venous catheter as a con- 


ductive medium has the inherent advantage 
that thoracotomy need not be performed 
for implantation of an electrode, nor is a 
blind percutaneous puncture of the myo- 
cardium required. The value over the pro- 
longed use of an external pacemaker lies in 
the portability of the necessary equipment 
and the painless ease with which prolonged 
stimulation may be carried out. 
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Patients who have developed atrioven- 
tricular dissociation after repair of congen- 
ital cardiac defects often require pacing of 
the heartbeat in the postoperative period to 
sustain life. In our series 2 patients could 
not be sustained by means of operatively 
implanted electrodes, one because of lack of 
response to these electrodes after a long 
period of stimulation, and the other because 
of infection. In each instance endocardial 
stimulation was readily able to convert a 
situation in which pacing was impossible to 
one in which it remained possible indefi- 
nitely. 

The indefinite presence of a catheter in 
a peripheral vein and within the heart has 
not previously been demonstrated. It has 
been shown here that the surrounding tissue 
does not reject this catheter and that it may 
remain in situ indefinitely. Thus far a cath- 
eter has remained in the external jugular 
vein for periods ranging up to 11 months. 

The major potential danger in prolonged 
pacing with the intracardiac pacemaker 
catheter is that of infection entering via the 
communication between the skin and the 
vein at the site of entrance of the electrode 
catheter. While only 2 patients have had 
difficulty with infection and one of these 
developed infection apparently spontane- 
ously, still this threat remains a potential 
source of serious danger. For several of our 
patients on prolonged stimulation the use 
of oral antibiotics has been maintained, but 
for others it has not. In these groups no in- 
fection has occurred. 


SUMMARY 


Clinical experience with 18 patients cath- 
eterized for the control of Stokes-Adams 
seizures on the basis of ventricular asystole 
and ventricular fibrillation has been re- 
ported. 

Of these 18, 7 are long-term survivors of 
the procedure and of the remainder only 5 
had preventable deaths. Six of the survivors 
are ambulatory outpatients continually 

aintained by stimulation of the ventricu- 
lar endocardium. 

The significance of this technique in the 
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control of arteriosclerotic atrioventricular 
dissociation and of atrioventricular dissoci- 
ation after repair of congenital defects has 
been discussed. 


ADDENDUM 


As of Nov. 1, 1960, 25 patients have been 
treated with the intracardiac pacemaker. The 
longest period of treatment has been 16 months. 
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DISCUSSION 


Dr. Philip N. Sawyer. We wish to congratu- 
late Dr. Furman, Dr. Hurwitt, and their con- 
freres on their excellent presentation. 

It occurred to us that if the stimulus produced 
by the stimulator to heart contraction is biphasic, 
during the positive phase of the stimulus the elec- 
trode might collect a clot. Considerable evidence 
accumulated by our group during the past 10 
years indicates that the positive electrode of an 
electrode pair will collect a thrombus at rela- 
tively low potential differences and low current 
levels, in the microampere range. 

This phenomenon appears to occur in relation 
to the current of injury of living tissue. It might 
be possible to prevent thrombus precipitation on 
the intracardiac electrodes if it is maintained at a 
negative potential difference to the external elec- 
trodes at all times. 

Dr. Julius H. Jacobson, II. Drs. Furman and 
Hurwitt are to be greatly complimented on this 
approach for control of heart block. Although it 
does away with a lot of the complications in- 
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herent in implanting an electrode directly into the solid piece of metal at the end of a Teflon catl 
myocardium, the problem of wire breakage is a ter so that it will connect with the mercu 
very real one. We have been working with Mr. column. One still has the problem of breakage 
Norman Jeckel of the U. S. Instrument and Cath- the catheter and a minute amount of mercu 
eter Company on the idea of using a very fine getting into the blood stream. This is a most un 
mercury column as a conductor of current within likely possibility as compared to the frequency 
the catheter. It is possible to fuse a stainless steel with which wire breaks. 
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ullis and associates*® of Protein Foun- 
dation Inc. have demonstrated that human 
red blood cells processed with glycerol can 
be stored for years in the frozen solid state 
at -80° C. or —120° C. In their technique a 
modification of the Cohn blood fractionator 
is utilized to introduce and remove glycerol 
from the red cells.* ** © Human red cells 
preserved by this method have been shown 
to have excellent in vivo survival on trans- 
fusion after storage periods of up to 44 
months.?® 25 
In 1956 the Blood Preservation Laboratory 
was established at the United States Naval 
Hospital, Chelsea, Massachusetts, to evalu- 
ate the merits of this glycerolization, freeze- 
thaw technique at a clinical level and to 
continue basic research on various charac- 
teristics of frozen blood.*? In a clinical series 
of over 1,000 transfusions, Haynes and asso- 
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blood in vascular 
surgery and extra- 
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ciates’° established the efficacy of glycerolized 
frozen blood as volume repiacement in all 
types of general surgical procedures. More- 
over, their studies demonstrated several dis- 
tinct advantages of blood preservation and 
transfusion by this method. The outdating 
of blood was eliminated. Large volumes of 
blood, particularly of the rare groups, could 
be stored until needed. The over-all reaction 
rate was one-tenth that seen with conven- 
tional methods of transfusion. Packed cells, 
low-potassium blood (less than 1.0 mEq. 
per liter), blood with a high or low pH, 
with or without anticoagulant, and with or 
without clotting elements, were all easily 
obtained. In short, the transfusion unit could 
be prepared to fit the specific needs of the 
patient. 

In 1957 the Surgical Research Labora- 
tory at the Naval Hospital was established 
in cooperation with the Lahey Clinic to 
develop the program of open-heart sur- 
gery.’ °S The increase in the number of 
vascular and open-heart surgical procedures 
performed served to emphasize the advan- 
tages of the frozen blood program. After the 
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Fig. 1. View of Cohn-ADL blood fractionator 
during glycerolization of blood. Two cartridge 
units are installed within a refrigerated compart- 
ment in the fractionator. Blood is being processed 
in the spinning centrifuge bowl on the left. Wash 
solutions and blood pack are suspended above the 


fractionator. 


demonstration that heparin maintained its 
activity in blood stored in the frozen state, 
studies were undertaken to expand the use 
of frozen blood to surgical procedures in- 
volving extracorporeal circulation and total 
blood volume replacement.** ** Our experi- 
mental and clinical results are the subject 


of this report. 


METHODS 


Processing of frozen blood units. All blood 
units used in this study were processed at 
the United States Naval Hospital by the 
methods described by Tullis*® with the modi- 
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fications referred to by Haynes.?° Don 
blood is drawn by phlebotomy into eith 
acid-citrate-dextrose solution, National I: 
stitutes of Health Formula A, or into 

buffered isotonic sodium chloride solution 
containing 2,000 U.S.P. units of heparin. 
The plastic bags of donor blood are kept at 
+4° C. between collection and glycerolization. 

The Cohn fractionator is a refrigerated 
centrifuge into which are placed cartridge 
units (Figs. 1 and 2). Each cartridge unit 
is composed of a metal base which contains 
entrance and exit portals for blood and 
washing solutions and a mobile centrifuge 
bowl that locks into the drive mechanism 
of the centrifuge and revolves on the sta- 
tionary base. Wash solution bottles are ar- 
ranged in tandem and connected to the 
cartridge assembly by a tube manifold. The 
cartridge assembly with its attached solution 
bottles and plastic bags is autoclaved as a 
single unit. The principles involved in this 
system are nonwettable surfaces (plastic and 
siliconized stainless steel), continuous-flow 
processing, closed-system sterility, tempera- 
ture control, low turbulence, minimal gravi- 
tational forces, interchangeable parts, and 
semiautomation. 

To accomplish glycerolization the blood 
unit is attached by a sterile plastic adapter 
to the feed tube manifold and is forced 
into the spinning bowl at a flow rate of 
approximately 50 ml. per minute with a 
eravitational force of 425 g within the bowl 
(Fig. 3). The blood passes to the periphery 
of a horizontal dividing plate and enters the 
upper chamber by centrifugal force, where 
separation into a heavier red cell layer and 
a lighter plasma layer occurs as the bow! fills 
to its capacity of 350 ml. The clear plasma 
rises to the inner vertical axis and overflows 
over a vertical weir into a plastic bag. 
After the entire unit of blood has been 
infused and the maximal amount of plasma 
collected, the plastic bag is sealed and de- 
tached from the cartridge assembly for 
freezing. Without interruption, 300 ml. of 
20 per cent glycerol solution is introduced 
into the bowl followed by 1,000 ml. of 50 
per cent glycerol solution. The washing solu- 
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tions traverse the heavier red cell mass from 
a peripheral to central direction, overflow 
the weir, and exit through a waste line. 
The plasma remaining in the bowl at the 
end of the red cell—plasma separation serves 
to dilute the initial volumes of 20 per cent 
glycerol solution and the latter dilutes the 
initial volumes of 50 per cent glycerol solu- 
tion entering the bowl. Thus the glycerol 
equilibration between the cells and wash 
solution is accomplished by a_ step-wise 
method of counter-current flow. When the 
solution infusion has been completed, the 
centrifuge bowl is stopped and the glyc- 
erolized red cells suspended in 50 per cent 
glycerol solution drain into a plastic bag 
which is sealed and removed from the car- 
tridge assembly. The plasma and red cell 
bags are marked, placed in a light cardboard 
container, and stored in —80° C. freezing 
units. Storage temperatures are reached 
within 6 to 8 hours. 

The general biologic effects of freezing 
have been reported in detail by Merryman."® 
It would appear that, at the storage tem- 
perature used in this process, significant 
metabolic activity ceases within the red cell. 
The protective effects of glycerol during low 
temperature storage have been assigned to 
the formation of smaller, more uniform, and 
less disruptive ice crystals, the absence of 
islands of high salt concentration which are 
present in crystalloid solutions when water 
changes its physical state to ice, and to a 
mechanical barrier to the slow diffusion of 
cell substances in the liquid phase imposed 
by glycerol because of its increased viscosity 
at storage temperatures.* ** °° * 

The frozen units are prepared for trans- 
fusion by thawing for 10 minutes in a ro- 
tating water bath at 37° C. The glyceroliza- 
tion process is reversed. The thawed cells 
are fed into the empty type II bowl and 
exposed to gradually decreasing concentra- 
tions of glycerol.** A 10 per cent glycerol 
solution, 1,500 ml., sodium lactate solution, 
1,500 ml., and 0.89 per cent saline, 600 ml., 
are the volumes of deglycerolizing solutions 
used at present. The first 2 solutions used 
in this phase contain sodium lactate, dex- 
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Fig. 2. Detail of interchangeable cartridge unit 
bearing blood bags and centrifuge bowl. 


RED CELL WASHING 
(SCHEMATIC) 
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SPILL-OVER 


RED CELLS 
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TO STERILE BAGS 


MACHINE 
STOPPED 


Fig. 3. Diagrammatic representation of centrifuge 
bowl used for cell separation and washing. 
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trose, potassium chloride, and magnesium 
chloride, and the first also contains 10 per 
cent glycerol. The saline solution contains 
only sodium chloride and dextrose. Thus 
glycerol is removed from the cell by a 
gradual dialysis, with hemolysis minimized 
(in spite of the fact that water will enter 
the cell 4 times faster than glycerol will 
leave) by the use of the slowly penetrating 
lactate ion in the extracellular phase. 

The deglycerolized cells in the bowl are 
then resuspended for infusion in one of 
three ways. The original plasma is run in 
and reconstituted “whole blood” minus 
leukocytes and platelets is obtained. If 
packed cells are desired, the red cell mass 
is resuspended in a small volume of 5 per 
cent albumin solution (Table I), or, to 
obtain full unit volume without clotting 
elements or anticoagulant, the cells are 
resuspended in a larger volume of 5 per cent 
albumin solution to bring the hematocrit to 
approximately 40 per cent. When the desired 
volume and type of resuspension medium 
have been infused, the centrifuge is stopped 
and the deglycerolized reconstituted cells 
drain into a plastic administration bag which 
is sealed and detached from the cartridge 
assembly and placed at +4° C. 

There are several variations of the re- 
suspension phase that have proved to be 
of practical value. The pH and electrolyte 
content of the final wash solution and re- 
suspension medium are easily altered and 
thus these characteristics may be varied in 
the blood units as they are prepared for 


transfusion.*° 


Large volumes of plasma are a natural 
by-product of this process.** *° Plasma that 
is not stored is fractionated into albumin, 
globulins, antihemophilic globulin, fibrino- 
gen, thrombin, prothrombin, and so forth, 


Table I. Albumin resuspension medium 








Medium | Amount 
Albumin 25% 2,400 ml. 
NaCl 83.5 Gm. 
Dextrose 48.0 Gm. 
Potassium phosphate 10.44 Gm. 


Glass-distilled water, q.s. 12 L. 
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and thus these plasma factors are readily 
available when they are specifically needed. 

The glycerolization and deglycerolization 
phases at present require 35 and 45 minutes, 
respectively. One technician with present 
equipment can process 4 units simulta- 
neously. The glycerol concentrations within 
the cell after glycerolization and deglyc- 
erolization are 40 per cent and less than 
1 per cent, respectively.*°° An average of 
82 per cent of the donated cells reach the 
recipient’s vein. For units with up to 44 
months’ storage, the mean in vivo survival 
as determined by the radiochromium tech- 
nique is 90 per cent at 24 hours and 50 
per cent at 30 days.*® 

The cells resuspended in plasma can be 
stored for 16 to 21 days at +4° C. before 
transfusion. At present the albumin resus- 
pended cells are not kept at +4° C. for 
longer than 10 days prior to transfusion. 
It is anticipated that recent improvements 
in pH and dextrose concentrations will ex- 
tend this storage time considerably. 

Grouping, typing, and _ cross-matching. 
The glycerolization, freezing, deglyceroliza- 
tion process does not interfere with grouping, 
typing, or cross-matching reactions. Routine 
methods are used for the usual transfusion 
volumes employed in medical and surgical 
patients who receive red cells resuspended 
in plasma. All units are grouped and typed 
before and after freezing. 

When 5 per cent albumin solution is the 
resuspending medium, compatibility 1s 
checked by a major indirect Coombs cross- 
match. 

Frozen blood units to be used as priming 
volume for the pump-oxygenator and for 
transfusion during extracorporeal circulation 
are processed and stored in the same fashion 
as acid-citrate-dextrose—collected units and 
the separated plasma from the heparin-col- 
lected blood is stored at -80° C. The de- 
glycerolized cells are resuspended in their 
thawed original plasma. Each unit is checked 
for compatibility by conventional blood 
grouping techniques including back grouping 
and a major, minor, and Coombs cross- 
match. 
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Collection and processing of blood for 
extracorporeal circulation. The use of frozen 
heparinized blood has been a relatively re- 
cent development. Consequently, large vol- 
umes have not been stored for the prolonged 
periods characteristic of the acid-citrate- 
dextrose—collected units and various innova- 
tions are constantly being tested. 

Patients who require open-heart opera- 
tions with extracorporeal circulation are 
scheduled as far in advance as possible. A 
specimen of the patient’s blood is obtained 
and grouping and typing, as well as elaborate 
subgrouping, subtyping, and agglutinin titra- 
tion are carried out when indicated. The 
blood specimen is kept at +4° C. During 
the ensuing several days, all donors of that 
particular group and type whose blood is 
not otherwise needed are checked for com- 
patibility with the prospective patient. When 
compatible, the blood units are glycerolized 
and stored at -80° C. until the time of 
operation. If blood donors are not readily 
available or if an emergency situation super- 
venes, frozen blood units from the steadily 
increasing backlog are used. 

The day before operation half of the 
estimated number of blood units required 
for the procedure are thawed, deglycerolized, 
reconstituted, and placed at +4° C. In the 
processing of these units the final deglyc- 
erolizing wash solution used is prepared 
with a higher-than-usual concentration of 
dextrose to supply the cells with a source 
of nutrition during overnight storage at 
+4° C. and subsequent rewarming at 37° C. 
We have not been able to demonstrate a 
significant alteration in plasma pH, plasma 
hemoglobin, or heparin activity after over- 
night storage. The elevation of plasma po- 
tassium which occurs is corrected during 
warming at 37° C. for 1 hour prior to the 
institution of extracorporeal circulation. 

The day of operation the remaining units 
of blood required for the patient are proc- 
essed. In order to avoid deglycerolizing 
several units of blood (in the case of patients 
whose units were not cross-matched prior 
to freezing) only to find them incompatible 
with the patient’s blood on reconstitution, 
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we have been investigating the feasibility 
of performing grouping and cross-matching 
on glycerolized red cells. With this object 
in mind all units collected in heparin are 
placed in the freezers with several small 
plastic tubes containing glycerolized red cells 
or frozen plasma that have been removed 
from the storage plastic bags by filling tub- 
ing diverticula attached to the bags. The 
diverticulum connection is then heat-sealed 
and severed from the bag with a pair of 
scissors. Studies in our laboratory indicate 
that the thawed glycerolized cells can be 
satisfactorily grouped and_cross-matched 
without removing the glycerol from them. 

It should be emphasized that, even when 
all the units for a given patient have been 
checked for compatibility with the patient’s 
blood prior to freezing, on reconstitution 
the full series of compatibility checks is 
carried out. 

Several methods are being tested to permit 
salvage of deglycerolized, heparinized whole 
blood that is not used on the day of opera- 
tion. Several units have been reglycerolized 
and refrozen. Red cell yield and survival 
studies will be carried out after a suitable 
storage interval. The use of an administra- 
tion bag with a tandem acid-citrate-dextrose 
bag is under consideration. Reseparation into 
cells and plasma in the fractionator with 
washing out of the plasma and resuspension 
in 5 per cent albumin solution is an alterna- 
tive possibility. Recent successful massive 
replacement with red cells suspended in 5 
per cent albumin solution has suggested 
the most likely solution. It is anticipated 
that heparinzed frozen blood will be used 
only to prime the pump-oxygenator. Trans- 
fusion requirements beyond this amount will 
be met with frozen red cells resuspended in 
5 per cent albumin solution. Moreover, 
pelvic perfusion for malignant disease in 
human beings has been successfully per- 
formed with frozen red cells and 5 per cent 
albumin solution as the pump prime and 
only modicum of transfusion. The feasibility 
of using frozen red cells and 5 per cent 
albumin solution as the priming volume and 
exclusive transfusion substance during open- 











114 O’Brien et al. 


heart surgery will be tested by rapidly 
exchange-transfusing dogs with fresh dog 
red cells resuspended in 5 per cent dog 
albumin solution. 

Blood and gas analysis methods. Blood 
samples were obtained from patients by 
arterial or venous puncture. Rigid anaerobic 
technique was used throughout. Blood sam- 
ples for gas analysis were stored in an ice 
bath until analyzed. 

The methods used for construction of oxy- 
hemoglobin dissociation curves corrected to 
pH 7.4, as well as for determination of the 
position and slope of the curve, have been 
reported elsewhere.”® 

Blood hydrogen ion determinations were 
made with the Beckman model Gs pH 
meter with an external anaerobic electrode 
immersed in a 37° C. water bath. Plasma 
carbon dioxide content was measured by the 
method of Van Slyke and Neill on 1.0 ml. 
plasma samples obtained after centrifugation 
under oil.** 

Blood oxygen capacity was measured by 
the spectrophotometric method of Hickam 
and Frayser with a Beckman spectrophotom- 
eter model DU.** The percentage of oxy- 
hemoglobin saturation was measured on the 
same apparatus.* * ** °3 Buffer base and 
partial pressure of carbon dioxide were 
obtained by interpolation from the nomo- 
gram of Singer and Hastings.*° 

Red cell and white cell counts were car- 
ried out with the Spencer hematocytometer. 
Platelet counts were performed with the 
phase hematocytometer and the phase micro- 
scope. Reticulocyte counts were made with 
the cresyl blue staining technique. Hemo- 
globin concentrations were determined col- 
orimetrically by the cyanomethemoglobin 
method. Plasma and urine hemoglobin levels 
were measured by the benzidine method. 

Bleeding time was determined by the 
method of Duke and clotting time by the 
method of Lee-White. Prothrombin time 
was determined by the Quick*® one-stage 
method. 

Sodium and potassium concentrations were 
measured with the Baird-Atomic flame 
photometer model KY.** Chloride deter- 
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minations were carried out with the Aminco- 
Cotlove® chloride titrator (American Instri- 
ment Co.). Calcium levels were determined 
by titration.* * 

Blood urea nitrogen,’ plasma fibrinogen,‘ 
serum bilirubin,'® creatinine** and uric acid'! 
levels were measured with the Coleman 
Junior spectrophotometer model LA. The 
remaining parameters were determined by 
conventional laboratory methods. 

The percentage of hemolysis was calcu- 
lated by the formula: 


mg. % plasma hemoglobin increment/2 x 100 





oxygen capacity vol. % 


1.34 





The total milliliters of cells hemolyzed 
was measured by the formula: 


total ml. cells lost/total prime vol. = (prime vol. 
x % het.) (% cells hemolyzed) 


GAS EXCHANGE AND THE 
EFFECTS OF IN VITRO 
RECIRCULATION 


Initial studies were undertaken to deter- 
mine whether or not thawed deglycerolized 
cells exchanged oxygen in a normal manner 
and to study the effects of mechanical 
trauma to such cells during prolonged re- 
circulation in a pump-oxygenator. It was 
found that glycerolization had no significant 
influence on the dynamics of gas exchange 
as studied by oxyhemoglobin dissociation 
curves.*° The effects of prolonged recircula- 
tion through a pump-oxygenator* are indi- 
cated in Tables II, III, and IV. These 
studies indicated that the breakdown of 
cells preserved for long periods of time was 
not increased by storage and that, if any- 
thing, thawed deglycerolized blood showed 
less change during prolonged recirculation 
than did fresh heparinized blood. It should 
be noted that the reduction of platelet con- 
centration in thawed blood may have resulted 
in the significantly smaller accumulation of 
fibrinous deposits upon the arterial pump 
filter screen and that this artificial situation 
may not obtain when a patient was present 
in the circuit to contribute blood elements 
deficient in the in vitro experiments. How- 
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Table II. Fresh blood; findings during recirculation through the pump-oxygenator 


115 





Minutes run 


1 


30 


60 


90 


120 


150 


180 





~ Oxygen flow, L./min. 








100 





0 





0 





0 





0 





0 


0 








Blood flow, ml./min. 


Pump, r.p.m. 


Disc, r.p.m. 

Blood temp., C. 
Hematocrit 

Plasma hemoglobin 
observed, mg. % 

Mg. %/2x prime 
Oxygen capacity, vol. % 
Oxygen content, vol. % 
Oxyhemoglobin 
saturation, % 

CO: content, mM./L. 
pH 

Bb*, mM./L. 

pCC. mm. Hg 

Platelets, per c. mm. 
Na‘, mEq./L. 

K*, mEq./L. 

Cl, mEq./L. 
Fibrinogen, Gm./100 ml. 
Filter deposit, mg. 


2,700 


220 


20.5 


106.5 
19.9 
7.29 
42.5 
46.9 


20.7 
7.27 
42.5 
51.0 
256,000 
142 
3.9 
96.5 
0.233 
0 


2,560 


178,000 


2,560 


220 


90 
34.0 
44.0 


132.5 
66.25 
19.42 
20.2 


103.9 
16.5 
7.37 
42.5 
33.0 
152,000 


2,560 
220 
90 
34.8 
45.0 


145.0 
72.5 


2,700 to 
7,500 
220 to 
400+ 
(max. ) 


90 to 110 


35.6 
45.0 


175.0 
87.5 


19.24 


99.2 
13.7 
7.43 
41.0 
24.8 
134,000 
147 
4.8 
101.5 
0.253 


7,500 


400+ 
(max. ) 


110 
36.2 
45.0 


205.0 
102.5 


7,500 


400+ 
(max. ) 


110 
37.7 
45.0 


230.0 
115.0 


18.5 


95.2 
8.75 
7.56 

38.5 

12.7 

96,000 
140 
6.0 
102.7 
0.246 
1,150 





The study was carried out under aseptic conditions with 3,000 ml. of freshly drawn group O heparinized blood in the 


machine. 


The circuit shown in Fig. 7 was used. Pump occlusion was 20 mil. 


Table III. Frozen blood; findings during recirculation through the pump-oxygenator 





Minutes run 


1 


30 


60 


90 


120 


150 


180 





Oxygen flow, L./min. 





0 





0 


0 


0 





0 





0 





Blood flow, ml./min. 


Pump, r.p.m. 


Disc, r.p.m. 

Blood temp., C. 
Hematocrit 

Plasma hemoglobin 
observed, mg. % 
Mg. %/2x prime 
Oxygen capacity, vol. 
Oxygen content, vol. 
Oxyhemoglobin 
saturation, % 


CO: content, mM./L. 


Fibrinogen, Gm./100 ml. 
Filter deposit, mg. 


47.5 


230.0 
115.0 
20.2 
11.8 20.2 
58.9 
9.7 
7.08 
24.44 
40.0 
155 
5.0 
81.3 
0.275 
0 


8.2 

7.02 
24.5 
34.0 


2,380 
220 


7.05 


2,700 
235 
90 
35.3 
47.0 


350.0 
175.0 


2,700 to 
5,050 
235 to 
400+ 
(max. ) 

90 to 110 
35.8 
46.5 


410.0 
205.0 


20.3 


3.2 

7.04 
22.0 
21.5 

157 

4.8 
90.0 

0.225 


5,050 


400+ 
(max. ) 


110 
36.4 
46.5 


430.0 
215.0 


5,050 


400+ 


110 
37.0 
45.0 


600.0 
300.0 


19.9 


98.5 
3.6 
7.11 

21.0 

14.6 

155 
Be 

87.5 

0.269 
100 





The study was carried out under aseptic conditions with 2,430 ml. of deglycerolized, heparinized blood, group A, in the 


machine. 
Pump occlusion was 20 mil. 


The blood units used were stored at —80° C. for an average of 49 days. The circuit shown in Fig. 7 was used. 
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(in vitro); fresh vs. frozen heparinized blood 


Table IV. Rate of hemolysis during recirculation through the pump-oxygenator 
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Minutes run 








60 | 90 












Fresh heparinized blood 


Study 1, Blood temp., C. 36.2 37.2 
prime vol- Flow, ml./min. 1,925 2,130 
ume 3,000 Hematocrit 50.0 
ml., 4 hours Plasma hemoglobin 
+4° C, increment, mg./% 0 0 
Per cent cells 
hemolyzed 0 


Total ml. cells lost 





Study 2, Blood temp., C. 30.5 33.0 
prime vol- Flow, ml./min. 2,700 2,560 
ume 3,000 
ml., 4 hours Hematocrit 44.0 44.5 
+4° C. Plasma hemoglobin 

increment, mg./% 0 45.5 
Per cent cells 
hemolyzed 0 


Total ml. cells lost 






Frozen heparinized blood 


Study 1, Blood temp., C. 33.3 35.2 
prime vol- Flow, ml./min. 2,560 2,560 
ume 2,350 

ml., 4 hours 

+4° C., 19 Hematocrit 45.5 45.5 
(17-20) days Plasma hemoglobin 

-80° C. increment, mg./% 0 100 


Per cent cells 
hemolyzed 
Total ml. cells lost 





Study 2, Blood temp., C. 29.7 29.7 
prime vol- Flow, ml./min. 2,380 2,380 
ume 2,430 
ml.,4 hours Hematocrit 47.5 46.5 
+4° C., 49 Plasma hemoglobin 
(34-75) increment, mg./% 0 40 


days —-80° C. Per cent cells 
hemolyzed 0 
Total ml. cells lost 























36.3 37.6 37.3 37.2 37.5 
2,010 2,130 2,250 2,130 2,250) 
50.( 
10 20 60 75 84 
0.04 0.20 0.28 





4.20 













34.0 34.8 35.6 36.2 37.7 
2560 2,560 2,700 7,500 7,500 
7,500 
44.0 45.0 45.0 15.0 45.0 
111.5 124.0 154.0 184.0 209.0 
0.39 0.54 0.76 

7.13 9.64 









36.5 23.3 36.5 36.8 313 
2,460 2,250 2,560 5,790 5,790 
5,790 
46.0 46.5 46.0 16.5 

100 100 100 100 150 
0.40 0.40 0.60 


















32.3 35.3 35.8 36.4 37.0 
2,700 2,700 2,700 5.050 5,050 
5,050 
46.8 47.0 46.5 46.5 15.0 

80 120 180 200 370 
0.27 0.60 0.67 1.23 
3.06 ‘ 7.68 












ever, over-all findings in the in vitro studies 
indicated that there was no striking differ- 
ence between thawed blood and fresh hep- 
arinized blood which might contraindicate 
properly conducted evaluations of the use 
of large volumes of thawed blood during 
cardiovascular surgery (Fig. 4). 





CASE REPORTS 


After the extensive experience with con- 
ventional transfusion therapy reported by 
Haynes,’® the extension of the use of glyc- 
erolized frozen blood to massive replacements 








required in thoracic and vascular surgery 
was carried out according to a definite plan. 
The volume of blood replacement required 
for endarterectomy was studied first, fol- 
lowed by the use of glycerolized blood in 
partial pump-oxygenator perfusions, and 
finally, by use as an exclusive pump-priming 
fluid and replacement medium in_ total 
cardiac bypass. Where the blood volume 
replacement was likely to be extremely large, 










arrangements were made to have available 
various protein fractions, platelet transfu- 
sions, and alternative units of blood banked 
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by conventional methods from relatively 
recent donors. It was believed that maximal 
safety thus would be afforded the patient if 
such types of alternative therapy were avail- 
able should the glycerolized cells prove un- 
satisfactory. In actuality these safety meas- 


ures did not have to be employed. 

Case 1. A 56-year-old retired sailor was ad- 
mitted to the United States Naval Hospital on 
Oct. 7, 1959, complaining of claudication and 
impotence. In 1957 the patient had undergone 
bilateral lumbar sympathectomy. Peripheral pulses 
were absent. Femoral pulsations were reduced. 
The skin of the legs presented trophic changes. 
The left foot was cooler than the right. Oscillo- 
metric observations showed little pulsation on the 
right and none on the left. 

On Oct. 10, 1959, endarterectomy of the aortic 
bifurcation and iliac system was carried out. Dur- 
ing this 4-hour operative procedure the patient 
received 2,740 ml. of deglycerolized red cells sus- 
pended in 5 per cent albumin solution. There was 
no evidence of significant wound oozing during 
the operative procedure and no evidence of post- 
operative bleeding. 

After operation the lower extremities were 
noted to be warm and peripheral pulses were 
present in the femoral region but absent distally. 
Two weeks after operation the patient suffered 
a myocardial infarction followed by pneumonia 
and urinary tract infection. The limbs remained 
warm during these episodes. The patient was dis- 
charged on Dec. 18, 1959. Because of the restric- 
tion imposed by the cardiac status, the relief of 
claudication has not been evaluated. 

Blood transfusion data. A total of 2,740 ml. of 
thawed deglycerolized red cells suspended in 5 per 
cent albumin was administered. Preoperatively the 
patient’s chromium®! blood volume was 4,550 ml., 
making the replacement of blood volume 60.2 per 
cent during the course of 4 hours of operation. 
The red cells had been stored at -—80° C. for 
periods of time ranging from 27 to 92 days with 
an average of 62 days. The cells were kept after 
deglycerolization and reconstitution in albumin 
solution at 4° C. for a period of 2 to 4 days with 
a mean storage time of 3 days. Hematocrits of the 
various units ranged between 33 and 50 with a 
mean of 46. Plasma hemoglobin concentrations in 
the 7 units ranged between 250 and 600 mg. per 
100 ml. with a mean of 468 mg. per 100 ml. 

Case 2. A 39-year-old sailor was admitted to 
the Chelsea Naval Hospital on Dec. 28, 1959, 
complaining of pain in the buttocks and aching 
of the left thigh. Symptoms had been present for 
several years prior to admission. In 1957 he had 
undergone a left lumbar sympathectomy and by- 
pass grafting of the left iliac artery. A freeze-dried 
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homologous arterial graft had been used to bypass 
the obliterated artery from the bifurcation to the 
groin. Pain in the thigh was relieved but pain in 
the buttocks persisted. After 1958 symptoms grad- 
ually progressed in severity and it was postulated 
that the bypassed homograft had thrombosed 
(Fig. 5). 

At the time of his admission to the hospital, 
physical examination showed that distal pulses 
were absent in the left leg although the foot was 
warm and dry. Adequate pulses were present in 
the right leg. A bruit was audible over the left 
femoral artery in the groin. 
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- MINUTES RECIRCULATION 
Fig. 4. Comparative study of plasma hemoglobin 
concentration changes during prolonged recircula- 
tion through a pump-oxygenator. There is no 
significant difference in the rate of accumulation 
of plasma hemoglobin between a thawed deglyc- 
erolized heparinized blood prime and fresh hep- 
arinized blood. 


Fig. 5. Preoperative aortogram in Case 2. 
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On Jan. 25, 1960, the thrombosed homograft 
was removed and a Tapp-Edwards type woven 
Teflon prosthesis placed from the left common 
iliac artery to the femoral artery. The left internal 
iliac artery was endarterectomized. During 7 hours 
of operation the patient received 3,550 ml. of 
frozen deglycerolized red cells suspended in albu- 
min solution. 

Postoperatively, during the ensuing 5 days, an- 
other 1,215 ml. of such blood was given. There 
were no complications in the postoperative course 
and no evidence of tissue oozing. At the time of 
operation there did not appear to be any increased 
hemorrhagic diathesis as the result of the adminis- 
tration of deglycerolized frozen red cells in albu- 
min estimated as approximately 60 per cent re- 
placement of the patient’s total blood volume. 

In March, 1960, the patient reported that there 
was occasional cramping in the left calf but that 
he was able to walk an indefinite distance if he 
did not hurry. 

Blood transfusion data. The patient received 
during operation thawed deglycerolized red cells 
suspended in albumin solution to a total volume 
of 3,550 ml. The estimated blood volume replace- 
ment was 61.6 per cent during the operative pro- 
cedure. The red cells had been stored at —80° C. 
in the glycerolized state for a period of 90 to 355 
days with a mean storage time of 159 days. These 
cells had been collected in acid-citrate-dextrose 
solution. —The mean hematocrit value was 40.5. 
The mean plasma hemoglobin concentration upon 
infusion was 217 mg. per cent. On the first post- 
operative day the patient received a similar trans- 
fusion mass of 370 ml. stored 128 days. On the 
second postoperative day he received 420 ml. 
stored 378 days, and on the seventh postoperative 
day he received 425 ml. of frozen red cells in 5 
per cent albumin stored 296 days. 


Postoperative hematologic data. The patient 
showed a moderate drop of red blood count and 
hemoglobin concentration through the postopera- 
tive period. Before operation, red blood cell count 
had been 4.29 million and hemoglobin 15.6 Gm. 
per 100 ml. This dropped to a minimum value on 
the seventh postoperative day of 3.62 million red 
blood cells and 11.4 Gm. hemoglobin. Lee-White 
clotting time was 12.6 minutes before operation 
and remained at this level throughout the post- 
operative course. The blood platelet count was 
272,000 per cubic millimeter preoperatively and 
dropped to a minimum on the first postoperative 
day of 155,000 per cubic millimeter. On the 
seventh postoperative day the platelet count was 
210,000 per cubic millimeter. Blood fibrinogen 
showed a gradual rise during the first 2 days of 
the postoperative course from a control value of 
0.332 Gm. per 100 ml. to a maximum on the 
second postoperative day of 0.744. Two hours after 
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operation the fibrinogen concentration was 0.° 14 
Gm. per 100 ml. of blood. Control indirect serum 
bilirubin was 0.15 mg. per 100 ml. before opera- 
tion and rose to a maximum on the first and sec- 
ond postoperative days of 0.65 mg. per 100 ml. 
On the seventh postoperative day indirect bili- 
rubin was 0.47 mg. per 100 ml. Urine hemoglobin 
concentration showed 2.75 mg. per 100 ml. on a 
specimen drawn on the first postoperative day, 
0.75 mg. per 100 ml. on the second postoperative 
day and 0.38 mg. per 100 ml. on the seventh 
postoperative day. 

Case 3. A 52-year-old retired warrant officer 
was admitted to the United States Naval Hospital 
on Feb. 12, 1960, with a long history of impo- 
tence and claudication. He had first noticed im- 
potence at the age of 39 and at the age of 46 had 
undergone bilateral lumbar sympathectomy for re- 
lief of symptoms of claudication. One year after 
sympathectomy he had suffered a coronary throm- 
bosis. In 1957 the patient was admitted to the 
Chelsea Naval Hospital for evaluation of angina 
and arterial insufficiency of the lower extremities. 
At that time he underwent bilateral ligation of the 
internal mammary arteries with ensuing relief of 
angina. After that discharge intermittent claudica- 
tion progressed in severity and at the time of the 
present hospital admission he could walk only 12 
steps before noticing severe cramps in the calves 
of each leg. 

Examination revealed gangrene of the terminal 
aspects of the right fourth and fifth toes, depend- 
ent rubor, and the absence of pulses below the 
abdominal aorta. A thrill could be palpated over 
the right femoral artery in the groin. The skin 
was cool and dry with absence of hair over the 
pretibial and dorsal foot surfaces. 

On March 16, 1960, severe occlusion of the 
aortic bifurcation and the iliac arterial system was 
found at laparotomy. The vessels contained 
thrombotic and atheromatous deposits. After ex- 
tensive endarterectomy good femoral pulses were 
obtained with adequate retrograde flow. During 
the 4-hour procedure a total of 2,900 ml. of 
frozen deglycerolized red cells suspended in 5 per 
cent albumin solution was administered. There 
was no evidence of excessive bleeding during the 
operative procedure. Postoperatively the patient 
made an uneventful recovery. Peripheral pulses 
could be palpated at all times after operation. At 
the time of discharge from the hospital the pa- 
tient was able to walk without limit on a level. 
Although no specific documentation is noted in 
the clinical record of his relief of impotence after 
discharge from the hospital, a recent letter has 
come to our attention in which he states, “New 
doors have been opened to me, doors that have 
been closed for many years.” 

Blood transfusion data. During the operative 
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procedure the patient received a total of 2,900 ml. 
of frozen red cells suspended in 5 per cent albu- 
min. On the basis of a total blood volume of 8 
per cent of body weight, this replacement amounts 
to approximately 56 per cent of the patient’s total 
blood volume. The cells were stored at —80° C. 
for an average time of 166 days. Hematocrit and 
plasma hemoglobin data on the transfused units 
were not obtained because an insufficient amount 
of blood was available for the studies after trans- 


fusion. 


Case 4. A 64-year-old executive was admitted 
to the New England Deaconess Hospital on Jan. 
31, 1960, complaining of hoarseness of 4 months’ 
duration. Prior to admission, a chest roentgeno- 
gram demonstrated a large hilar shadow sugges- 
tive of neoplasm of the lung, although the film 
could not be interpreted as excluding the possible 
coexistence of an aneurysm of the descending 
aorta (Fig. 6). Bronchoscopy revealed an ex- 
trinsic mass distorting the left main bronchus. 
Bronchial aspirate was reported as negative for 
tumor cells. In 1957 the patient had undergone 
excision of an abdominal aortic aneurysm with 
placement of an Orlon prosthesis. Cardioangiog- 
raphy was unsatisfactory in demonstrating the 
possible existence of a thoracic aortic aneurysm. 


In view of the possibility that a partial bypass 
of the lower thoracic aorta would be required to 
permit resection of a thoracic aortic aneurysm, 
the patient was prepared for operation with a 
pump-oxygenator available for purposes of aortic 
bypass.38 The blood prepared for use in this ma- 
chine consisted of thawed deglycerolized cells sus- 
pended in thawed heparinized plasma. On explo- 
ration, moderate dilatation of the aorta in the 
midportion of the descending aorta was found 
without true aneurysm. There was, however, a 
large carcinoma of the left hilum of the lung 
extending toward the arch of the aorta with in- 
volvement of hilar lymph nodes. During the course 
of resection of the left lung with intrapericardiac 
dissection, it was possible to carry out our inten- 
tion of using the heparinized frozen blood origi- 
nally prepared for the pump-oxygenator as a 
transfusion replacement during the thoracotomy. 
Over the course of 2 hours, the patient received 
2,400 ml. of thawed blood. No unusual oozing 
was noted during the course of the operation. The 
postoperative course was smooth and the man was 
discharged from the hospital to undergo a course 
of 2 mev. x-ray therapy on Feb. 21, 1960. Be- 
tween April 25 and May 20, 1960, the patient 
received 4,000 r tissue dose in 19 treatments to 
the area of the tracheal bifurcation, mediastinum, 
and supraclavicular areas. During this treatment 
he complained of mild dysphagia which had eased 
off at the 3,500 r level. He now complains of 
some claudication of the left leg. 
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Fig. 6. Preoperative roentgenogram in Case 4 
which demonstrates a paraspinal mass interpreted 
as an aortic aneurysm. At thoracotomy the mass 
was found to be an extension of a bronchus 
carcinoma of the left lung. 


Blood transfusion data. The patient received a 
total of 2,400 ml. of thawed deglycerolized red 
cells resuspended in the original heparinized 
plasma. The estimated blood volume replacement 
in 2% hours was 31 per cent. The blood was 
stored at —80° C. for periods from 13 to 75 days 
with a mean storage time of 38 days. After re- 
constitution, the blood was stored at 4° C. for 
periods of time from 6 to 7% hours. Hematocrit 
of the various units ranged from 39 to 57 with a 
mean hematocrit value of 45. Plasma hemoglobin 
values of the various units ranged from 155 to 
290 mg. per 100 ml. with a mean of 214 mg. per 
100 ml. 

Postoperatively the patient received 250 ml. of 
banked fresh acid-citrate-dextrose blood. On the 
first postoperative day he received 500 ml. of 
banked fresh acid-citrate-dextrose blood and on 
the second postoperative day 1,000 ml. During this 
period there was no abnormal oozing and the 
transfusions were given to make up a deficit which 
occurred during the extensive operative procedure 
and to replace blood which accumulated in the 
unfilled left pleural space. 

Hematologic findings. Immediately upon com- 
pletion of the operative procedure, a polybrene 
titration curve demonstrated the absence of ap- 
preciable heparin activity. At all times the bleed- 
ing time remained within normal limits. Preopera- 
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tively the Lee-White coagulation time was 15 min- 
utes. One hour after operation it was 21 minutes 
and 3% hours after operation it was 4% minutes. 

Preoperatively the patient showed a_ blood 
platelet count of 158,000 per cubic millimeter. 
One hour after operation this value was 144,000, 
dropping to a minimum on the first postoperative 
day of 110,000 and rising to 360,000 on the 
eleventh postoperative day. There was depression 
of prothrombin time to 44 per cent of control 
1 hour after operation, rising to a value 88 per 
cent of normal control on the first postoperative 
day. 

Preoperatively plasma hemoglobin was 16 mg. 
per 100 ml., rising to a maximum of 115 mg. per 
100 ml. 1 hour after operation and falling to a 
value of 8.25 mg. per 100 ml. on the first post- 
operative day. 

Case 5. A 54-year-old white woman was ad- 
mitted to the Chelsea Naval Hospital for palliative 
therapy of far-advanced carcinoma of the cervix. 
In April, 1959, she had undergone a right sal- 
pingo-oophorectomy and total hysterectomy for 
stage I carcinoma of the cervix. Late in Novem- 
ber, 1959, recurrent disease was found at laparot- 
omy, with involvement of the bladder trigone, 
rectum, and pelvic wall. Bilateral hydronephrosis 
was present at that time. In December, 1959, and 
January, 1960, the patient received radiation 
therapy with a 200 kv. machine. A tumor dose of 
5,030 r was delivered. Evidences of impaired urine 
concentrating ability and recurrent urinary tract 
infections were noted at that time. Because of 
progressive wasting and pain refractory to nar- 
cotics, the patient was admitted to the hospital 
for pelvic pump-oxygenator perfusion of nitrogen 
mustard. Isosthenuria was noted preoperatively. 

On Feb. 9, 1960, under general anesthesia the 
pelvic region was perfused with nitrogen mustard 
by the balloon catheter technique.**: #9 During | 
hour of perfusion at a flow rate of 325 ml. per 
minute, a total of 1.0 mg. of nitrogen mustard per 
kilogram of total body weight was delivered into 
the pump circuit in 12 divided doses. The pump 
was primed with 1,500 ml. of thawed deglycerol- 
ized, heparinized blood, and transfusion therapy 
during the period of perfusion consisted of an 
additional 750 ml. of thawed deglycerolized hepa- 
rinized blood and 2,000 ml. of fresh acid-citrate- 
dextrose blood. Autologous bone marrow was with- 
drawn for early reinfusion and for preservation 
for late reinfusion. 

The initial postoperative course was satisfac- 
tory. The patient stated that she had experienced 
complete relief of pain, which before operation 
had required heavy narcotic sedation. On the fifth 
postoperative day severe symptoms of narcotic 
withdrawal developed and fluid intake during this 
period was reduced. On the eighth postoperative 
day an elevated blood urea nitrogen and profound 
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oliguria were noted. The patient progressed into 
uremic coma and died on the twenty-second post- 
operative day. Twenty-four hour urine output 
after the twelfth day varied between 5 and 61 
c.c., with fixed specific gravity. Terminally, the 
serum potassium level rose to 9.3 mEq. per liter. 
On the day of death the blood urea nitrogen was 
108 mg. per 100 ml. 

Blood transfusion data. The patient weighed 
38.1 kilograms, with an estimated blood volume of 
3,000 ml. During the 1 hour of perfusion the 
patient received a total of 2,250 ml. of thawed 
deglycerolized heparinized blood, and an addi- 
tional 2,000 ml. of fresh banked acid-citrate-dex- 
trose blood was given after initial infusion of 
thawed deglycerolized blood. The estimated per- 
centage of total blood volume replacement with 
frozen blood was 70.5, including a pump priming 
volume of 1,500 ml. There was no apparent dif- 
ference in oozing tendencies between the periods 
after administration of thawed deglycerolized blood 
and acid-citrate-dextrose blood. The frozen blood 
presented an hematocrit range of 41 to 50 with a 
mean plasma hemoglobin concentration of 125 mg. 
per 100 ml. This blood had been stored at —80° 
C. for 5 days prior to use. The blood had been 
stored for 6 hours at 4° C. and for 1 hour at 
37° C. prior to infusion into the patient. 

Chemical and hematologic data. Eleven days 
after the infusion of marrow the white blood count 
had dropped from a preoperative control level of 
7,350 to 1,300 cells per cubic millimeter. By the 
twenty-first postoperative day this white cell count 
had risen to 16,250. Immediately after the nitro- 
gen mustard perfusion the patient had received an 
intravenous infusion of 90 ml. of fresh autologous 
bone marrow which had been drawn immediately 
prior to the procedure. On the thirteenth post- 
operative day the patient received a second injec- 
tion of 94 ml. of autologous bone marrow which 
had been glycerolized and stored at —80° C. in 
the interim. The blood platelet count was 195,000 
per cubic millimeter prior to operation and 
dropped to a minimum of 46,500 on the thirteenth 
postoperative day after having persisted at levels 
of over 200,000 for the first 7 postoperative days. 
Following this, it progressively rose to a level on 
the twenty-first postoperative day of 220,000. Pre- 
operatively, the prothrombin time was 75 per cent 
of control and dropped to 52 per cent of control 
on the seventh postoperative day. Blood fibrinogen 
was 1.042 Gm. per 100 ml. preoperatively and 
dropped to 0.686 ninety minutes after perfusion 
and to 0.628 on the seventh postoperative day. 
Plasma hemoglobin was maximal at the end of 
perfusion at 227.5 mg. per 100 ml. but had be- 
come reduced to 5.45 by the first postoperative 
day. There was then a secondary rise to 20 mg. 
per 100 ml. on the seventh postoperative day. 
Maximal bilirubin values were noted on the first 
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postoperative day, 0.55 total and 0.47 indirect. 
During the period of oliguria after the eleventh 
postoperative day the blood urea nitrogen re- 
mained within the range of 100 to 120 but there 
was progressive elevation of serum potassium con- 
centration from 5.6 mEq. per liter on the second 
postoperative day to a maximum of 9.3 mEq. per 
liter on the day of death. To correct this derange- 
ment, conventional countermeasures were em- 
ployed and, in addition, on the eleventh and the 
sixteenth postoperative days the patient was given 
transfusions of packed frozen cells, 1 unit each 
day, in which the potassium concentration of the 
reconstitution medium had been purposely de- 
pleted to give a packed-cell unit potassium con- 
centration of 0.8 mEq. per liter. After such an 
infusion on the eleventh postoperative day the 
serum potassium dropped from 7.6 mEq. per liter 
to 6.6 mEq. per liter on the twelfth postopera- 
tive day. 

Case 6. A 6-year-old boy was admitted to the 
United States Naval Hospital on March 29, 1960, 
complaining of progressive cyanosis and breath- 
lessness. Several weeks before admission the pa- 
tient had become breathless while playing in the 
snow and had fallen asleep for several hours in 
a snowdrift. In view of the hazard of this situa- 
tion, open correction of his cardiac defect was 
deemed advisable. Cardiac catheterization and 
angiographic studies had demonstrated the pres- 
ence of a tetralogy of Fallot with persistence of a 
left superior vena cava draining into the coronary 
sinus. 

On March 31, with total cardiac bypass (Fig. 
7), the tetralogy of Fallot was repaired.*?7 The 
persistent left superior vena cava was obstructed 
during the period of open-heart surgery. The ven- 
tricular defect was closed with a 2 by 2 cm. patch 
of closely woven Teflon fabric and the infundibu- 
lar stenosis excised, with placement of a patch of 
Teflon in the outflow tract of the right ventricle. 
The period of total cardiac bypass was 52 minutes. 
During this period, suffusion of the head and neck 
was noted. Although there were no alterations in 
electroencephalographic patterns during the pe- 
riod of total cardiac bypass, on review of the flow 
sheets it was noted that the flow had been inade- 
quate during the period of total cardiac bypass 
with flows in the range of 1,600 to 1,800 ml. per 
minute or approximately 2,000 ml. per minute 
per square meter of body surface area. In view 
of the large bronchial drainage aspirated during 
the period of total cardiac bypass, this flow was 
regarded as inadequate and the electroencephalo- 
graphic findings as deceptive in indicating the 
adequacy of perfusion. 

During the operative procedure the patient re- 
ceived thawed deglycerolized red cells resuspended 
in thawed heparinized plasma. A total of 3,000 
ml. of the preparation was used to prime the 
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pump and an additional 3,500 ml. of the same 
solution given as a transfusion during the opera- 
tion. An additional 500 c.c. of fresh acid-citrate- 
dextrose blood was given. Following polybrene 
neutralization, oozing during wound closure was 
noted to be minimal. 

The patient demonstrated severe nervous sys- 
tem depression after operation and died 5 hours 
and 20 minutes after bypass. The perfusion in this 
instance is regarded as unsatisfactory because of 
the low perfusion rate. Autopsy showed brain 
damage, good defect repair, and the absence of 
appreciable hemothorax. 

Blood transfusion data. The estimated replace- 
ment of blood volume with frozen heparinized 
blood is calculated as 507.8 per cent, including the 
pump priming volume. All frozen units in this 
case were stored for 2 days at -80° C. The aver- 
age storage time of the units at 4° C. was 14 
hours with a range of 5 to 24 hours. Each unit 
was kept at 37° C. from 1 to 2 hours with an 
average time of 1% hours. The various units 
ranged in hematocrit value from 39 to 58 with a 
mean of 47.5. The plasma hemoglobin levels of 
the various units ranged from 87.5 to 262 mg. per 
100 ml. with an average of 133 mg. per 100 ml. 

Hematologic and chemical data. The last obser- 
vations of data were made 35 minutes after the 
completion of extracorporeal circulation. At that 
time plasma hemoglobin was 300 mg. per 100 ml. 
in the patient. Oxyhemoglobin saturation was 91.4 
per cent. Plasma pH was 7.22. Blood fibrinogen 
level was 0.253 Gm. per 100 ml. and blood plate- 
let count was 130,000 per cubic millimeter. 

Case 7. A 47-year-old crane operator was ad- 
mitted to the New England Deaconess Hospital 
with symptoms of cardiac failure. In the year be- 
fore admission he had required hospitalization on 
2 occasions because of severe right and left ven- 
tricular failure. Left heart catheterization after 
admission revealed a systolic gradient across the 
aortic valve of 46 mm. Hg with an increase to 63 
mm. Hg on mild exertion. A calculated aortic 
valve area was 0.4 cm.? per square meter of body 
surface area. Electrocardiography showed left 
bundle branch block. 

On April 5, 1960, the patient underwent aortic 
valvuloplasty by a vertical median sternotomy 
approach. During an 80-minute period of total 
cardiac bypass, plastic repair with bicuspidization 
of the aortic valve was carried out. At 10-minute 
intervals throughout the period of total cardiac 
bypass, the coronary arteries were perfused with 
blood at 10° C. for a period of 1 minute. Pres- 
sure measurements across the valve are demon- 
strated in Fig. 8. 

The postoperative course was uneventful with 
the exception of an episode of mild congestive 
failure and atrial fibrillation which responded well 
to increasing doses of digitalis (Fig. 9). 
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Fig. 7. Pump-oxygenator used in these studies which employs gravity siphon venous drainage, 
a disc oxygenator of the Kay-Cross type, and nonocclusive De Bakey pumps.°8 


Blood transfusion data. The pump was primed 
with 3,121 ml. of thawed deglycerolized red cells 
resuspended in original heparinized plasma. Dur- 
ing the operative procedure the patient received 
5,300 ml. of such a medium, making a total trans- 
fusion of 8,421 ml. of thawed deglycerolized 
heparinized blood. He was also given 4,500 ml. 
of banked fresh acid-citrate-dextrose blood which 
had been stored 13 days at 4° C. and 455 ml. of 
frozen acid-citrate-dextrose blood. The large blood 
volume replacement in this instance was due to 
undetected bleeding from an internal mammary 


artery and inferior vena cava leak rather than to 
generalized oozing. 

In the recovery room the patient received in 
the first 12 hours 1,000 ml. of fresh acid-citrate- 
dextrose blood and on the first postoperative da} 
500 ml. of fresh acid-citrate-dextrose blood which 
had been stored 13 days at 4° C. At that point 4 
blood volume determination indicated overtrans- 
fusion by 500 ml. and a venesection of 500 ml. 
was carried out. The estimated total blood volume 
replacement with frozen blood was 201.7 per cent, 
including the pump priming volume. The frozen 
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blood units were stored at —80° C. for periods of 
4 to 91 days, with an average storage time of 
17.5 days. After reconstitution they were stored at 
4° C. for periods of 4 to 22 hours, with an aver- 
age of 14 hours. Immediately before placement 
in the pump the blood was kept at 37° C. for a 
fange of 1 to 2 hours, with an average of 1 hour 
and 24 minutes. Hematocrit of the blood units 
ranged from 35 to 53, with an average value of 
42.1. Plasma hemoglobin concentration ranged 
from 40 to 312 mg. per 100 ml., with an average 
value of 136 mg. per 100 ml. 

Hematologic and chemical data. Characteristic 
changes are noted in Table V. 

Case 8. A 12-year-old white girl was known to 
have had complete heart block since birth. Before 
admission to the United States Naval Hospital 
she had suffered an increase in fatigability with- 
out evidences of preoperative failure. Cardiac 
catheterization demonstrated a valvular pulmonic 
stenosis with a gradient of 70 mm. Hg across the 
valve without increased pulmonary vascular re- 
sistance. 

On April 12, 1960, pulmonic valvuloplasty was 
carried out with total cardiac bypass. Total by- 
pass time was 15 minutes. The operative pro- 
cedure proceeded without incident and no evi- 
dence of abnormal bleeding tendency was demon- 
strated. The patient reacted shortly after closure 
of the wound. Postoperatively, a gradient of 8 
mm. Hg could be demonstrated across the pul- 
monic valve. The postoperative course was un- 
eventful. 
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Blood transfusion data. The pump-oxygenator 
was primed with 3,000 ml. of thawed deglycerol- 
ized red cells suspended in thawed heparinized 
plasma. During the operative procedure the pa- 
tient received an additional 1,700 ml. of such 
blood and 420 ml. of frozen acid-citrate-dextrose 
blood. Estimated replacement of blood volume 
with frozen blood was 128 per cent. Storage at 
—80° C. ranged from 5 to 14 days, with an aver- 
age of 7.4 days. The plasma hemoglobin in the 
various units ranged from 100 to 195 mg. per 100 
ml., with an average of 136 mg. per 100 ml. The 
hematocrit ranged from 50 to 38, with an average 
of 44.7. Platelet count of the priming blood was 
153,000 cells per cubic millimeter and _ blood 
fibrinogen concentration was 0.334 Gm. per 100 ml. 

Hematologic and chemical data. Forty-two min- 
utes after perfusion, blood oxyhemoglobin satura- 
tion was 93.5 per cent, plasma hemoglobin 219 
mg. per 100 ml., and plasma pH was 7.34. Blood 
platelet count was 160,000 per cubic millimeter as 
contrasted to the preoperative control value of 
115,000. Four hours after perfusion the plasma 
hemoglobin was 144 mg. per 100 ml. Blood pH 
was 7.25 and the platelet count 180,000. Blood 
fibrinogen was 0.253 Gm. per 100 ml. 

During the first few hours after return from the 
operating room the urine volume ranged between 
15 and 30 ml. per hour. At the second postopera- 
tive hour the urine hemoglobin concentration had 
risen to 800 mg. per 100 ml. and thereafter de- 
clined to values of less than 25 mg. per 100 ml. 
by the fifth postoperative hour. 
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Fig. 8. Pressure tracings before and after total cardiac bypass in Case 8. At a time 45 seconds 
after onset of partial bypass (middle segment) the entire prime consisting of thawed degly- 
cerolized cells suspended in thawed heparinized plasma had been suddenly exchanged into 
the patient’s circulation without demonstrable change of arterial pressure or electrocardio- 
graphic pattern. A modest pressure gradient was present between femoral artery pressure and 
left ventricular pressure after bicuspidization of the aortic valve. Complete left bundle branch 
block is present in all electrocardiographic tracings. 








VAM +0 YUM F-G OAM O1-G ODUM O OGM $-G 


dy ou OEa al VEU tc Day O-S JAU OS-OF 
s}svo Jv[nueis $}svo $}svo s}svo 

s}jseo Ou YAR Nee i ie[nueis Ie[nueis Iv[nueis JIIWIO 

U O 0 OS OS ‘Tu QOT/su 


“UTUINGTY 


000'T FVIOl 020'T 
Clo -—r00 I —O10'T -Z10'T 
O08? 006 C6c | 09s‘ I 


AyiAeis oyIvedg 

"JOA “IY HG 

sIsA[VUlly) 

CZ ‘ur OOT/ 3 “N'A 
CEL syd 
OT’ “/ We 
*JU3}UOD *OD 

OSOl ‘T/ byw 19 
Ib ‘T/bqu 
0'8eI ‘y/bqu en 
pozturiedayy 

080 2 cr'0 [et OOT/sut 
*QOOIIPUL UIqnITTIgG 

00°1 cll 08°2 ' cco ‘yur OOT/sur 
yeq0y UIqnaTT 

000'08¢ stadhsiahe 000'Sel 000'Z0I 000‘0S 000‘001 000‘081 000091 000°ST1 “uIUE “9 
Jad sja[aze[g 

1760 L8S'0 €62'0 896'0 Tu QOT/WD 

‘uasoulqr 

EC rAS JO1jUOD [eULIOU % 

‘QUIT} UIQUIOIYIOIg 

o8 ‘9O¢ Cr ‘uIUI ‘OUII} 

SUINO[D 9314 M-99'T 

81 c's ‘ul *9UII} SUIpss[g 

OFFI ‘Tu OO / su 

‘ulqo]s0ulay eUse[g 
% ‘aADOTNINIY 

0'OF OCF % “WAIOWUII]T 

61 ttl ‘ju QOT/uy 

‘uIqO[SOUIN}YT 

OFS ; 8S'F 6S Pr cs ‘UIUI *D 
jad voy ogy 

009°81 00s‘8I oso‘cs 000°81 OST‘TT ‘uur 9 tad OM 

9 | gE CG ‘4y YE | ‘um CP uo1jviago 


App aaiviagojsog ‘)A-180d | asofag 


061 C9! Clr 








124 O’Brien et al. 





Z asoyy :ssodaq Kavuowjndoipivs Suimoyof vyvp oruays puv nsoj,ojvwmayy *A 3quy, 





2-4 WBC 


5-10 WBC 





Volume 49 
Number 1 


This patient did, however, have the mild altera- 
tions of renal function which we have observed 
with either fresh heparinized or frozen deglycerol- 
ized blood used in cardiac bypass. She showed 
some impairment of ability to concentrate urine 
with urine specific gravities on the second to 
eleventh postoperative days remaining in the range 
of 1.010 to 1.015 associated with moderate eleva- 
tion of the blood urea nitrogen despite urine vol- 
ume output of over 1,000 ml. per 24 hours (Fig. 10). 


DISCUSSION 


This clinical experience indicates that 
thawed deglycerolized blood functions well 
when used as a total blood volume replace- 
ment. Clinically there has been surprisingly 
little evidence of generalized tissue oozing 
during the operative procedure, and the 
postoperative course of these patients has 
been characterized by a minimal amount of 
drainage of blood from chest tubes. There 
appears to be no difference between patients 
perfused with thawed deglycerolized blood 
and patients given fresh heparinized blood 
during total cardiac bypass. Blood platelet 
counts were rarely below a level of 100,000 
per cubic millimeter. This would indicate 
either that platelet levels are rapidly restored 
by body mechanisms when blood suspended 
in 5 per cent albumin solution is given or 
that platelets are derived from the trans- 
fusion mass in instances when the thawed 
deglycerolized cells have been resuspended 
in their own thawed plasma. We have ob- 
served that thawed heparinized plasma con- 
tains high concentrations of platelets, al- 
though the viability of the platelets has not 
been determined. 

Table III demonstrates moderate electro- 
lyte deviations in thawed deglycerolized 
blood. These electrolyte changes are not 
sufficient to cause significant deviations from 
the normal postoperative electrolyte pattern. 
Normal patterns are established by the end 
of operation (Table V). When the blood 
volume is suddenly replaced by thawed 
blood during the initiation of cardiac bypass, 
electrolyte concentrations are not altered 
enough to cause electrocardiographic changes 
(Fig. 8). 

\cid-base disturbances do not appear to 
be significant despite the fact that the blood 
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volume has been replaced by a medium with 
a pH of 7.1. At the present time our efforts 
are directed at modification of the final 
washing solutions in the deglycerolization 
process to correct this pH alteration. The 
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Fig. 9. Clinical course after operation in Case 8. 
The gradual rise in pulse rate was associated with 
other evidences of mild congestive heart failure 
responding to increased digitalis dosage and di- 
uretics. 
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Fig. 10. Characteristic urine changes observed 
after operation in Case 8. A rising blood urea 
nitrogen is associated with a fall of urine specific 
gravity to a fixed level around 1.010. The rise 
of blood urea nitrogen occurs despite elevation of 
urine output to a range of 1,000 to 2,000 ml. 
per day. 
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thawed blood currently used at pH 7.1 has 
been only between 0.1 and 0.15 pH units 
below the “fresh” heparinized blood used 
in control studies. As a consequence, altera- 
tion of the final washing solution in the 
deglycerolization phase of the process would 
result in a pump priming and transfusion 
medium which was better in acid-base char- 
acteristics than fresh heparinized blood 
coming to the operating room after the 
usual collection procedure and delay. 

Of considerable interest to us in these 
studies was the finding of a moderate degree 
of transient renal functional impairment 
after total cardiac bypass (Cases 7 and 8). 
Again, this impairment did not appear to 
be greater after perfusion with thawed blood 
than after perfusion with comparable 
amounts of fresh heparin or ordinary bank 
blood. The changes were made manifest 
by impairment of concentrating power and 
moderate elevations of blood urea nitrogen 
associated with a large urinary output. 
Immediately after bypass, urinalyses demon- 
strate the presence of cylindrical casts, white 
cells, red cells, and albumin. These changes 
show a gradual decline to insignificant levels 
by the second to the fifth postoperative day. 
Hemoglobinuria has been pronounced for 
the first several hours after bypass, decreas- 
ing gradually as plasma is cleared to control 
values by the morning of the first post- 
operative day. Blood urea nitrogen has risen 
during the first 5 days after operation. 
Urine specific gravities may show decep- 
tively high values during the first and second 
postoperative days because of the presence 
of albuminuria and hemoglobinuria. After 
disappearance of these constituents from the 
urine, there would appear to be an impair- 
ment of concentrating power (bordering 
upon or actually at the point of isosthenuria) 
evident by the second or third postoperative 
day. This impairment has continued for 
periods of up to 3 weeks after operation. 
Functional improvement is noted after this 
period and is complete by the fourteenth 
to twenty-eighth postoperative day. 

The intensity and duration of renal 
changes appear to be correlated to the dura- 
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tion of perfusion. The mechanisms preci)- 
itating or aggravating such an impairment 
of renal function are undoubtedly compli- 
cated. Among the factors to be considered 
are the transient impairment of cardiac oui- 
put and blood pressure which must follow 
any operative procedure of this type and the 
complicating influences of endocrine response 
to massive surgical trauma. The changes 
noted after bypass are greater than those 
apparent after comparable degrees of sur- 
gical trauma in which perfusion is not used. 
As a consequence it might be postulated 
that either the mechanics of introduction 
of blood into the body at an abnormal 
point, the femoral artery (at adequate flow 
rates of 2.5 L. per minute per square meter) 
or change in the blood during passage 
through the foreign environment of the 
machine is implicated. It would appear to 
us that the latter is likely to be the more 
significant. Morris and co-workers*! and 
Senning and associates*® have demonstrated 
impairment of renal function during the 
actual period of total cardiac bypass either 
at low or high flow rates. 

In view of the obvious appearance of an 
elevated plasma hemoglobin and hemoglo- 
binuria after bypass with either type of 
blood, this substance must be considered as 
a possible etiologic factor in the renal 
changes.*” 79 The syndrome which we are 
observing of a rising blood urea nitrogen 
in the face of large volume urine output 
closely resembles the condition found by 
Maluf*® in an experimental study demon- 


strating severe impairment of glomerular 


filtration rates and effective renal blood flow 
despite adequate urinary output after in- 
fusion of homologous lysed red cells in dogs. 
The animals in Maluf’s study also demon- 
strated elevations of blood urea _ nitrogen. 
Arterial hypotension aggravated the changes. 


SUMMARY 

1. Blood processed with glycerol and pre- 
served for prolonged periods of time at 
-80° C. has functioned on thawing in an 
entirely satisfactory manner as an exclusive 
massive blood volume replacement during 
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vascular surgery and extracorporeal circula- 
tion. Infusion of this blood in volumes up 
to 5 times a patient’s blood volume has 
resulted in no changes differing in degree or 
type from the changes observed after infu- 
sions of blood collected by conventional 
banking techniques  (acid-citrate-dextrose 
preservation or fresh heparinzed blood). 

2. The technique of preparation of glyc- 
erolized blood is described. The glyceroliza- 
tion process is carried out as a sterile, semi- 
automatic process in a blood fractionator 
of the Cohn type (a modified Cohn-ADL 
fractionator). 

3. Prolonged recirculation of thawed de- 
glycerolized blood cells suspended in thawed 
heparinized plasma through a pump oxy- 
genator circuit results in no_ significant 
change of properties when compared to 
recirculated fresh heparinized blood. ‘These 
studies include evaluation of cell breakdown, 
gas transport, electrolyte concentrations, 
acid-base balance, and the deposition of 
fibrin upon the pump-oxygenator filter. 

4. Clinical studies in 8 patients who un- 
derwent blood volume replacement from 30 
to 500 per cent of total blood volume indi- 
cate no significant side effects resulting 
from the use of thawed deglycerolized blood. 
There was no apparent increase in hemor- 
rhagic diathesis despite the fact that 5 per 
cent albumin solution, which is devoid of 
platelets and blood clotting factors, was 
used as the exclusive suspension medium in 
several of the cases. 

5. Although there appeared to be no 
difference in the postoperative course of the 
patients treated with massive transfusions 
of thawed deglycerolized blood as compared 
to fresh or bank blood, we have been con- 
cerned with the appearance after total car- 
diac bypass of a peculiar syndrome of rising 
blood urea nitrogen and reduction of urine 
concentrating capacity (verging upon isos- 
thenuria) in the face of a large urinary 
output during the period after the second 
postoperative day. In one patient who under- 
went pelvic tumor perfusion, death was 
accompanied by uremic coma, but in this 
instance there was severe renal damage due 
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to the carcinomatous process prior to per- 
fusion. In other patients the findings of 
renal dysfunction have been reversible. ‘The 
severity of the renal changes appears related 
to the length of perfusion. Hemoglobinuria 
may be the cause of the renal damage. 


We are indebted to Comdr. Mary T. Sproul 
(MSC) USN, Lt. John W. Zemp (MSC) USNR, 
and Lt. John A. Cavins (MC) USNR for assist- 
ance during the preparation of blood and chemical 
assays. A large number of the chemical assays 
were performed in the laboratory of the United 
States Naval Hospital under the direction of Capt. 
F. J. McMahon (MC) USN and Ens. L. J. Jen- 
kins, Jr. (MSC) USNR. Technical assistance was 
also rendered by Mr. Ralph Sommers, Mr. Joel 
Johns, V. C. Sutherland, HM2 USN, and M. 
Bethea, HMC USN. 
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DISCUSSION 


Dr. Elton Watkins, Jr. I want to thank Dr. 
Warren for the invitation to discuss our own pa- 
per. I can only confirm what Dr. O’Brien has 
reported here and would like to emphasize that 
the glycerolization-freezing technique affords con- 
siderable improvement in the logistics of blood 
supply. We do not have donors coming in the 
morning of the operation and find that it is 
possible to stockpile quantities of rare blood 
groups. 

I have been impressed with the fact that there 
is no abnormal oozing when thawed deglycerolized 
blood is used for total volume replacement during 
cardiac bypass. I would also like to emphasize that 
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the transitory impairment of renal function ob- 
served in our patients has been no more severe 
after the use of glycerolized blood than with 
the use of fresh heparinized blood in total cardiac 
bypass. Hence, it appears to be related to factors 
in the bypass rather than to the type of blood 
used in the procedure. 

The current study was performed with a frac- 
tionating apparatus which is still in the experi- 
mental or pilot stage of evaluation for routine 
use. The unit cost is obviously higher for this 
blood than for fresh donor blood. This aspect 
of the problem has been discussed by Dr. Haynes 
in a report concerning routine clinical use of de- 
glycerolized blood.* We have every reason to 
believe that improvements in the fractionating 
apparatus and streamlining of the processing rou- 
tine with disposable equipment will cause a sharp 
reduction in the cost per unit of blood and that 
the use of deglycerolized blood with its advantages 
in special situations will be within the means of 
the usual large blood bank. 


*Haynes, L. L., Tullis, J. L., Pyle, H. M., Sproul, M. 
T., Wallach, S., and Turville, W. C.: Clinical use of 
glycerolized frozen blood, J. A. M. A. 173: 1657-1663, 
1960. 








Thrombosis: 
prevention and treatment 


t is generally acknowledged that the ma- 
jor clinical problems of arterial thrombosis 
and venous thrombosis in all their varied 
forms cannot be solved entirely by anticoag- 
ulant therapy. Fibrinolytic enzyme prepara- 
tions provide a new approach, and a 
number of workers have studied trypsin,° 
streptokinase,® and plasmin preparations to 
determine their usefulness in lysing thrombi 
in vitro, experimentally in animals, and, more 
recently, in the treatment of thromboem- 
bolic disease in human patients.° However, 
very little has been done to determine the 
usefulness of these agents in preventing 
thrombosis, particularly arterial thrombosis 
after thrombectomy or endarterectomy in 
small vessels, such as the coronary, cere- 
bral, and mesenteric arteries. This study was 
undertaken to compare heparin, strepto- 
kinase-plasminogen, and human plasmin for 
their relative effectiveness in preventing ar- 
terial thrombosis in a controlled experi- 
ment and also to report the clinical ef- 
fectiveness of plasmin therapy in a series of 
37 patients with acute arterial and venous 


thrombosis. 


METHODS AND MATERIALS 


Production of experimental 
thrombosis. In 5- to 10-kilogram mongrel 
dogs, segments of the femoral and carotid 


arterial 
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arteries 3 mm. or less in internal diamete1 
and 2 cm. in length were traumatized by 
arteriotomy and intimectomy according to 
a previously described method.’ After the 
infliction of this thrombogenic stimulus, the 
arteriotomy was sutured and arterial blood 
This resulted in 


traumatized 


flow restored. treatment 
thrombosis of the 
the vessel within 1 hour after completion of 
the procedure in 95 per cent of the cases, 


and thrombosis persisted for 2 weeks or 


segment of 


longer in the same percentage of cases. It 
is believed that this method is superior to 
many other preparations for this type of 
study because the clinical conditions pre- 
vailing after thromboendarterectomy are im- 
itated as closely as possible. 

Experimental procedure. In order to com- 
pare the effects of the drugs used, a stand- 
ard experimental procedure was followed. 
In a group of dogs prepared as described, 
treatment with heparin, streptokinase-plas- 
minogen, or plasmin was started as soon as 
intimectomy was complete and _ before 
thrombosis of the traumatized segment oc- 
curred. The traumatized vessels were ob- 
served for evidence of thrombosis at 6 hours 
and 30 hours after the onset of treatment 
and appropriate blood coagulation studies 
were made throughout the experiments. 

The traumatized segment of the vessel 
was evaluated for thrombosis 6 hours after 
intimectomy by inspection, palpation, and 
a puncture injury at the site of intimectomy 
which showed the presence or absence of 
arterial bleeding. The final observation at 
the conclusion of the experiment, or 30 
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hours after intimectomy, was made by gross 
and microscopic examination of the resected 
vessels. A vessel was considered closed if 
the lumen was occluded by a thrombus, re- 
gardless of the length or firmness of the 
clot. A vessel was considered open if it al- 
lowed the pulsatile flow of blood through 
it, regardless of whether or not there were 
small mural thrombi remaining. 

Blood clotting tests. Appropriate blood co- 
agulation studies were made before, during, 
and after the experiments as noted in the 
results. The studies included determinations 
of the Lee-White clotting time, Quick 
one-stage prothrombin time, factors V and 
VII, plasma fibrinogen, and euglobulin clot 
lysis time.” ? 

Drug regimens. 

Method 1. Aqueous heparin, 1 mg. per 
kilogram, and Depo-heparin, 6 mg. per 
kilogram, were given intravenously after the 
completion of the intimectomies. 

Method 2. A _streptokinase-plasminogen 
preparation* containing 25,000 U. of strep- 
tokinase was injected intravenously at the 
conclusion of the intimectomies. No further 
treatment was given. 

Method 3. Heparin and streptokinase-plas- 
minogen were given in combination in the 
same dosages described in Methods 1 and 2. 

Method 4. Plasmint was administered by 
repeated intravenous injections every 3 hours 
in dosages varying from 7,700 U. per kilo- 
gram every 24 hours to 22,000 U. per kilo- 
gram every 24 hours. 

Method 5. Plasmin was given in doses 
ranging from 5,500 U. per kilogram to 
11,000 U. per kilogram as an intravenous 
infusion over a 6-hour period beginning at 
the conclusion of operation. This infusion 
was repeated 24 hours later. Each infusion 
was preceded by an intravenous injection 
of plasmin equal to 1/3 the amount of the 
6-hour infusion. 

Clinical series. Patients were treated with 


*Streptokinase-plasminogen preparation, Varizyme, pro- 
vided by Lederle Laboratories. 


¢Plasmin was supplied by Merck Sharp & Dohme as 
Thrombolysin. 
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plasmin in doses of 5,500 U. per kilogram 
every 24 hours with a 5 per cent dextrose 
in water infusion as vehicle. At the onset 
of therapy, an additional 1,800 U. per kilo- 
gram was given as an intravenous injection 
to serve as a priming dose. Coagulation 
studies were performed as in the animal ex- 
periment. Prothrombin time and clot lysis 
time were determined hourly at the onset of 
treatment and additional intravenous in- 
jections of 100,000 to 200,000 U. of plasmin 
were given hourly until the clot lysis time 
was reduced to between 30 and 60 minutes, 
provided the prothrombin level did not 
drop below 35 per cent. The infusion was 
maintained at the same dosage rate over the 
next 48 to 72 hours. 

The effectiveness of treatment was evalu- 
ated on the basis of skin color and tempera- 
ture, peripheral pulses, oscillometry, and 
arteriography. Patients were also closely ob- 
served for signs of untoward reaction such 
as fever, hypotension, skin reaction, and 
hemorrhage. 


RESULTS 


Of 20 vessels in 5 dogs treated with hep- 
arin (Method 1) 20 per cent of the vessels 
were patent when examined at 6 and 30 
hours after operation (Table I). This oc- 
curred in spite of Lee-White clotting times 
prolonged to 20 minutes or longer during 
this period. Control clotting times ranged 
from 4 to 7 minutes. That the doses of 
heparin used were maximal is suggested by 
the fact that 3 of 5 dogs developed sizable 
wound hematomas. 

Of 20 vessels in 5 dogs treated with strep- 
tokinase-plasminogen (Method 2), 6 and 
20 per cent of the vessels were open at 6 
and 30 hours, respectively. Results of pro- 
thrombin time, factors V and VII, and 
plasma fibinogen determinations remained 
in the normal range. The euglobulin clot 
lysis time ranged from 4 to 5 hours when 
measured 6 hours after treatment. 

Of 24 vessels in 6 dogs which had been 
treated by heparin and streptokinase-plas- 
minogen (Method 3), 20 and 25 per cent 
of the vessels were patent at 6 hours and at 
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Table I. Comparative effectiveness of various agents in maintaining arterial patency 














No. of 7 of vessels | Mortalit) 

No. of vessels many een rate 

Method dogs treated 6 hr. | 30 hr. | (%) 

1. Heparin 3 20 20 20 0 

2. Streptokinase-plasminogen 5 20 6 20 0 

3. Heparin + streptokinase-plasminogen 6 24 20 25 17 

4. Plasmin injection 17 67 25 36 18 
5. Plasmin infusion 

5,500 U./Kg./24 hr. 5 20 89 25 0 

7,700 U. 7 28 100 64 29 

8,800 U. 5 20 85 85 60 

11,000 U. 7 28 86 60 43 





Table II. Coagulation studies during plasmin injection 


treatment (Method 4) 

















7,700U./Kg./ | 11,000U./Kg./ | 22,000U./Kg. 
24 hr. 8,800U./Kg./24 hr. | 24 hr. | 24 hr. 
6 hr.| 30 hr. 6 hr. | 30hr. \6hr.| 30hr. |6hr.| 30hr 
Prothrombin time 
Mean - 6.8 sec. 28 sec. 7.1 sec _ 7.0 sec _ 7.2 sec 
Range 6.0-7.5 7.5-76 6.5-7.8 6.5-7.5 6.9-7.4 
Factor V 
Mean - 81% 100% 94% - 100% - 100% 
Range 50-100 75-100 
Factor VII 
Mean - 74% 92% 75% ~ 100% ~ 100% 
Range 35-100 75-100 50-100 
Plasma fibrinogen 
Mean - 433mg. % 0 462mge.% -—- 415mg. % _ 325 mg. % 
Range 340-490 310-500 350-480 271-379 
Euglobulin clot lysis time 
Mean ~ 4 hr. 150 min. 6.2 hr. _ 3.) Br. - 3 he. 
Range 3-5 90-180 4-9 5-6 2-4 





30 hours, respectively, after intimectomy. 
Sixty-seven vessels in 17 dogs were used 
to evaluate plasmin therapy by intermittent 
intravenous injection (Method 4). This 
group was divided into several subgroups 
in order to try various dosages, but the re- 
sults were nearly constant regardless of 
dosage and the entire group may be con- 
sidered together. Of the 67 vessels treated, 
25 and 36 per cent were patent at 6 and 
30 hours, respectively. The results of the 
prothrombin time, plasma fibrinogen level, 
and euglobulin clot lysis time determina- 
tions indicated that plasmin given by this 
method produces little measurable change 


from normal regardless of dosage, except 
for a somewhat decreased 
(Table IT). 

Of 96 vessels in 24 dogs treated by an 


intravenous infusion of plasmin (Method 5), 


clot lysis time 


there were 85 to 100 per cent vessels open 
at 6 hours and 25 to 85 per cent open at 30 
hours, depending on the dosages used. Ta- 
ble I shows that as dosage increases, the 
thrombosis rate drops and the mortality 
rate due to internal hemorrhage rises rap- 
idly. The blood clotting determinations are 
of interest in that the prothrombin time 
was greater than 60 seconds, and plasma 
fibrinogen was zero in all cases in which 
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death resulted (Table III). Factors V and 
VII did not vary in any predictable pattern 
(Table IV). 

Plasmin has been used in the treatment 
of 37 patients to date. Of these, objective 
evaluation of results was possible in 23 cases 
(Table V). Plasmin produced good results 
in 15 of the 23 patients (Table VI). To be 
classified as having a good result, each of 
the patients had to show objective evidence 
that a clot had been removed. Evidence con- 
sisted of definite return of absent pulses, 
arteriograms or venograms showing the ves- 


Table III. Coagulation studies in dogs that died 
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sel open, or retinal photographs which 
showed restored circulation (Figs. 1 and 2). 

In the blood coagulation studies of plas- 
min-treated patients there were essentially 
no changes in any of the determinations 
except the fibrinogen levels and the euglobu- 
lin clot lysis times. Also, with the higher 
doses of plasmin there was a tendency for 
the prothrombin time to become prolonged. 
Side effects of therapy were minor and 
consisted of a febrile response in 4 patients 
and transient arthralgia 24 hours after dis- 
continuation of treatment in a fifth patient. 


during treatment with plasmin 





Factor V 
(%) 


time 


Prothrombin 
(sec.) 





Plasma 
fibrinogen 
(mg. %) 


Factor VII Euglobulin clot 


lysis time 











Over 
Over 
Over 
Over 
Over 
Over 
Over 
Over 
Over 


oooooocedc & 





Table IV. Coagulation studies during plasmin infusion treatment (Method 5) 





5,500 U./Kg./24 hr. 


7,700 U./Kg./24 hr. 


8,800 U./Kg./24 hr. | 11,000 U./Kg./24 hr. 








6 hr. | 30 hr. 6 hr. 


| 30 hr. 6hr. | 30hr. 6 hr. 


| 30 hr. 








Prothrombin 
time 
Mean 19.9 sec. 7.2 sec. 46 sec. 
Range 8.0-60 7.0-7.5 7.8-90 


Factor V 
Mean 98 % 73% 53% 
Range 90-100 25-100 10-100 


Factor VII 
Mean 80% 77% 79% 
Range 50-100 35-100 23-100 


Plasma 

Fibrinogen 
Mean 385 mg. % 404 mg. % 
Range 256-532 0-675 


Euglobulin 
clot 
Lysis time 
Mean 
____Range 


8.0 sec. 
6.2-10.8 27-60 


231mg. % 62mg.% 200mg. % 
0-480 0-310 — 


53 sec. 7.4 sec. 
6.5-9.0 


66% 23% 65% 
40-100 0-70 


28-100 


68% 64% 65% 
37-100 


40-100 25-100 


251 mg. % 
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Fig. 1. Patient 1. Retinal artery thrombosis of 6 
hours’ duration immediately before Thrombolysin 
therapy. 
























Fig. 2. Patient 1. Twenty-four hours after Throm- 
bolysin therapy for retinal artery thrombosis. 






Representative coagulation studies are shown 
in Figs. 3 and 4. 

It is of special interest from the surgical 
standpoint that plasmin therapy during op- 
eration and in the immediate postoperative 
period was not accompanied by bleeding, 
although therapy was effective in producing 
clot lysis. A typical example is Case 2, in 





Table VI. Results in patients treated with 
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which a right femoral arterial thrombos’: 
occurred after pelvic perfusion with chemo- 
therapeutic agents for ovarian intra-abdon:- 
inal carcinomatosis. At the time of opera- 
tion, the artery was reopened on 3 occasions 
to evacuate a fresh thrombus. Immediately 
after operation, the femoral and distal ar- 
terial pulses disappeared again and the leg 
became cool and white. Plasmin therapy 
was started 3 hours after operation. Within 
24 hours, the femoral and distal pulses, 
except for the dorsalis pedis pulse, had re- 
turned and the limb was warm and pink. 
There was no evidence of hematoma forma- 
tion or bleeding from the multiple surgical 
incisions, including a right thoracotomy in- 
cision used for temporary occlusion of the 
inferior vena cava. 


COMMENT 


The dog experiments suggest several con- 
clusions. Heparin, in doses adequate to pro- 
long Lee-White clotting time and produce 
wound hematomas, was relatively ineffective 
as a means of preventing arterial thrombo- 
sis after injury. On the other hand, plasmin 
given by intravenous infusion in dogs main- 
tained the patency of an injured artery in 
a high percentage of cases as long as this 
infusion was continued (Method 5). With 
doses of plasmin that had no associated 
morbidity or death (5,500 U. per kilogram 
every 24 hours), 89 per cent of the vessels 














thrombolysin 
a | Results 
patients Vessels involved | Good | Fair | Poor 
1 Retinal artery 1 -_ _— 
| Carotid artery — — l 
1 Brachial artery — . l 
1 Digital arteries — l 
1 External iliac artery 1 — 
7 Femoral artery 5 I I 
2 Popliteal artery 2 ‘ 
1 Tibial artery — - I 
4 Femoral vein 4 > 4 
+ Tibial vein 2 ee 
23 Totals 15 4 4 
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remained open after 6 hours, the end of the 
first infusion. The fact that all but 25 per 
cent of these vessels thrombosed when treat- 
ment was discontinued for 18 hours and 
could not be reopened by repeating the 
same treatment after 24 hours indicates that 
prolonged, continuous plasmin therapy is 
necessary. It also suggests that doses of plas- 
min smaller and safer than those needed to 
lyse clots already formed may be effective 
in preventing thrombosis. 

Comparison of results with plasmin given 
by repeated injection and results with plas- 
min given by continuous infusion, seems to 
indicate that fibrinolytic enzyme therapy 
should not be administered by injection but 
must be given by continuous infusion for 
optimum results. This is amply shown by 
the results of Method 4. Doses of 22,000 U. 
per kilogram per day produced approxi- 
mately the same percentage of patent ar- 
teries as did 7,700 U. per kilogram per day. 
Neither dose resulted in a high percentage 
of patent vessels, and the blood clotting fac- 
tors showed little change from control val- 
ues. 

The poor results with streptokinase-plas- 
minogen may mean that this preparation is 
ineffective or may mean simply that the 
method of administration was ineffective. 
Various types of administration and doses 
were not carried out with this agent. 

The results of treatments with combined 
heparin and __ streptokinase-plasminogen 
showed little improvement over the results 
with either preparation alone. The value of 
heparin treatment after fibrinolytic therapy 
remains to be evaluated. 

In the clinical use of plasmin discussed, 
there are several encouraging facts. First, 
it appears that effective and safe treatment 
may be possible without performance of the 
elaborate laboratory studies that others have 
used to determine dosage.* With the pro- 
cedure outlined above, plasmin can be ad- 
ministered simply on the basis of the pa- 
tient’s weight. Necessary modifications of this 
dose can be made after several euglobulin 
clot lysis determinations and prothrombin 
determinations during the first few hours of 
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therapy. The safety of treatment is easily 
controlled by Quick one-stage prothrombin 
determinations, with the prothrombin level 
kept at 35 per cent of normal or better. Un- 
less this or some other simplified treatment 
plan is possible, the clinical usefulness of 
fibrinolytic therapy will necessarily remain 
very limited. 

It is also encouraging to note the rela- 
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Fig. 3. Coagulation studies on Patient 1. 
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tive freedom from side effects of the plas- 
min preparation used in this study as com- 
pared to earlier enzyme preparations. Fi- 
nally, the fact that plasmin in doses that 
prevent postoperative thrombosis and dis- 
solve fresh postoperative arterial clots does 
not produce significant postoperative hem- 
orrhage and hematoma formation is most 
encouraging to those interested in the sur- 
gery of small arteries. An important prob- 
lem which remains to be investigated is the 
question of how long therapy must be con- 
tinued before the thrombogenic stimulus 
of operative trauma subsides. 


SUMMARY 

1. In an experimental preparation in 57 
dogs, with 227 arteries, it was found that 
plasmin treatment was decidedly more ef- 
fective in maintaining the patency of trau- 
matized small arteries than was treatment 
with heparin or streptokinase-plasminogen. 

2. In a clinical series of 37 patients with 
acute thromboembolic disease treated with 
plasmin, objective evaluation was possible 
in 23 cases. Fifteen of the 23 patient showed 
evidence of clot lysis. 

3. A simple and effective method of plas- 
min administration is presented. 

4. The findings reported suggest that 
plasmin therapy may be an important aid 
in the prevention of thrombosis in small 
arteries after surgical trauma. 
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DISCUSSION 


Dr. Kenneth M. Moser. The paper by Drs. 
Deaton and Anlyan represents a most worth- 
while approach to the problem of deciding the 
value of fibrinolytic agents in an area of interest 
to many physicians. However, the presentation by 
these authors has also brought into focus 2 topics 
which currently are a source of both confusion 
and danger in this field, namely, the nomencla- 
ture being applied to substances with fibrinolytic 
activity and the definition of the potency (or 
units) of such preparations. 

For example, the speakers have referred to one 
preparation used in their study as plasmin or 
fibrinolysin while stating that another prepara- 
tion was a streptokinase-plasminogen mixture. Ac- 
tually both of these preparations (Actase and 
Thrombolysin) are streptokinase-plasminogen mix- 
tures and both of them are combinations of true 
fibrinolysin (or proteolytic) activity and plasmino- 
gen-activator activity. The compounds are quite 
similar in all respects aside from the fact that 
a different arbitrary “fibrinolytic unit’ is applied 
to each. 

It has become increasingly apparent to me and 
other workers in this field that we now have 
reached a stage of complexity which requires that 
the nomenclature applied to fibrinolytic agents 
and definition of their potency must be standard- 
ized and used with great care. If this is not done, 
confusion will be perpetuated, interpretation of 
clinical and experimental data will be difficult, 
and application of such compounds in clinical 
medicine will be less than optimal. 

Each fibrinolytic agent should be characterized 
in terms of (1) the components used in its prepa- 
ration and (2) the activity of the final material 
obtained. For example, if streptokinase and plas- 
minogen are mixed, the ratio of these two sub- 
stances, the chemical manipulations carried out, 
and a variety of other factors can result in an 
end product which contains primarily proteolyic 
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(true fibrinolysin) activity, primarily plasminogen 
activating activity, or a combination of both ac- 
tivities. Therefore, when such preparations are 
used, it is essential that we be aware of the 
quantity of true fibrinolysin and the quantity of 
plasminogen activator present, since these ac- 
tivities can by no means be equated. 

Obviously, one must use some unit to measure 
both true fibrinolysin and activator activity and 
this leads us to another area of confusion. Un- 
fortunately many different groups in this field, 
commercial and noncommercial, characterize their 
fibrinolytic agents in terms of their own type of 
“fibrinolytic units. “Thus the uninitiated phy- 
sician can receive two vials of fibrinolytic com- 
pounds from different sources, each labeled 
“50,000 fibrinolytic units,’ and he might well 
assume that the two vials contained a similar 
dose of fibrinolytic material. However, this 
may be far from the truth. For example, we 
have analyzed material from the two current 
commercial suppliers in this field and have found 
that the “fibrinolytic unit’’ used by one is 10 times 
as large as the fibrinolytic unit used by the other. 
Therefore, a vial labeled ‘50,000 units” by one 
manufacturer will contain 10 times as much 
fibrinolytic activity as a vial labeled ‘50,000 
units” by the other manufacturer. This is ob- 
viously a situation which physicians must recog- 
nize if such agents are to be used safely and ra- 
tionally. Furthermore, the situation may become 
even more complex as other pharmaceutical 
houses make available similar compounds based 
on still other “fibrinolytic units.” In addition, 
purified plasmin itself will soon be available and 
equation of the units used to characterize this 
material with those being applied to streptokinase- 
plasminogen mixtures may well result in serious 
clinical misadventures. If experimental and clin- 
ical studies are to proceed on a truly scientific 
basis, both the clinician and the investigator must 
be fully alert to these complexities surrounding 
the composition, potency, and nomenclature of 
agents with fibrinolytic activity. 

Dr. John H. Olwin. Developments in the field 
of thrombolytic agents are most exciting and 
promising and studies such as this of Drs. Dea- 
ton, Anlyan, and Silver are particularly impor- 
tant in the early stages of their clinical trials. I 
should like to emphasize the points made by 
Dr. Moser, that we must know more about the 
identity of these substances before they are used 
widely. In the present state of our knowledge, it 
seems likely that most of the thrombolytic ac- 
tivity in any of these agents lies in their activator 
content rather than their plasmin level. This is 
consistent with the present concept that ac- 
tivators will result in the solution of the clot 
from within as well as at the surface, apparently 
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by permeating the clot and converting the plas- 
minogen trapped in the clot to plasmin. Plasmin 
itself, however, apparently acts only on the sur- 
face of the clot and only at the points of contact. 
A third point is that currently we are ignorant 
of certain possible sensitizations that may be set 
up in the patients who receive these agents, par- 
ticularly agents of other than human origin. This 
is an additional reason for the need of further 
study before they are used generally. 

Dr. Paul Nemir, Jr. I have enjoyed this paper 
very much. Dr. Albert Sheffer has collected the 
cases in which we have used fibrinolysin at the 
Graduate Hospital of the University of Pennsyl- 
vania. It has been used now in some 67 cases, in- 
cluding pulmonary embolism, retinal artery 
thrombosis, acute and chronic thrombophlebitis, 
and occlusive arterial disease, either prior to, at, 
or after the operation. 

Our findings have been similar to those of the 
essayists. There has been evidence that patients 
with acute phlebitis have responded more rap- 
idly and patients with pulmonary embolism have 
become symptom free more rapidly than with 
just heparin alone. It should be mentioned that 
in almost every case heparin was administered 
concomitantly with fibrinolysin since we were 
simply afraid not to give it. It has been the 
opinion of our ophthalmologists that the drug has 
been quite beneficial in retinal artery thrombosis. 
It has been very difficult to evaluate its status 
in acute arterial occlusion since heparin was also 
being administered. It is our belief that in at 
least one instance it was responsible for salvaging 
an extremity. Its greatest usefulness is in the im- 
mediate postoperative period when a fresh throm- 
bus develops and there are reasons for which the 
patient cannot be taken immediately to the op- 
erating room. 

Dr. William G. Anlyan. We certainly wish to 
thank the discussers for their comments and dis- 
cussion. Dr. Moser is correct in defining the 
fibrinolytic agent used as a mixture of plasmin 
and streptokinase. Two additional comments 
should be made. First, after the completion of 
fibrinolytic therapy the patient should be main- 
tained on heparin to prevent rethrombosis. How- 
ever, it should be noted that the patients seem 
to be unusually sensitive to heparin after the 
fibrinolytic therapy and it may be necessary to 
use half the usual doses of heparin. We prefer 
aqueous heparin, 25 mg. given subcutaneously 
every 4 hours with modification of the dose after 
a Lee-White clotting time test performed once 
a day 3% hours after the last dose of heparin. 
The second and final comment I would like to 
make is that fibrinolytic therapy should be used 
as an adjunct to surgical treatment and not as 
a substitute for adequate surgical intervention. 
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With this issue, SURGERY appears in a new 
format. We believe it offers many improve- 
ments which will appeal to both contributor 
and reader. 

The page size is moderately increased 
from 67% by 10 inches to 7% by 101% inches. 
For ease and rapidity of reading, the text is 
set in two columns and the type is changed 
from the somewhat old-fashioned DeVinne 
to the classic, well-received Baskerville. ‘The 
style of the internal headings is revised for 
clarity. 

The double-column page allows greater 
freedom in the reduction of illustrations 
to the best size for accurate reproduction, 


and the versatility of two-column layouts 
makes possible their most advantageous 
placement. 

Despite the changes, there is no alteration 
in the number of characters set. The con- 
tent of the present 140 pages is equivalent 
to that of the former 174. The Editors 
accept neither more nor less material than 
before. 

The content of the Journal will remain 
of the same high quality; only the appear- 
ance is changed. It is hoped that the reader 
will be as enthusiastic about the new format 
as those who produce SURGERY. 





